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Abstract 
 
Naturally occurring radioactive material (NORM) is a common feature in North Sea oil and gas 
production offshore but, to date, has been reported from only one production site onshore in the 
United Kingdom. This site, Wytch Farm on the Dorset coast, revealed high activity 
concentrations of lead-210 in metallic form but little evidence of radium accumulation. NORM 
has now been discovered at two further onshore sites in the East Midlands region of the UK. 
The material has been characterised in terms of its mineralogy, bulk composition and 
disequilibrium in the natural uranium and thorium series decay chains. In contrast to Wytch 
Farm, scale and sludge samples from the East Midlands were found to contain elevated levels 
of radium and radioactive progeny associated with crystalline strontiobarite. The highest 
radium-226 and radium-228 activity concentrations found in scale samples were 132 and 60 
Bq/g, with mean values of 86 and 40 Bq/g respectively, somewhat higher than the mean for the 
North Sea and well above national exemption levels for landfill disposal. The two East 
Midlands sites exhibited similar levels of radioactivity. Scanning electron microscope imaging 
shows the presence of tabular, idiomorphic and acicular strontiobarite crystals with elemental 
mapping confirming that barium and strontium are co-located throughout the scale. Bulk 
compositional data show a corresponding correlation between barium-strontium concentrations 
and radium activity. Scales and sludge were dated using the 226Ra/210Pb method giving mean 
ages of 2.2 and 3.7 years, respectively. The results demonstrate clearly that these NORM 
deposits, with significant radium activity, can form over a very short period of time. Although 
the production sites studied here are involved in conventional oil recovery, the findings have 
direct relevance should hydraulic fracturing or ‘fracking’ for shale gas be pursued in the East 
Midlands oilfield. 
Highly saline ‘flowback fluid’ containing above regulation levels of radium has already been 
observed as a result of exploratory fracking operations in the North West’s Bowland Shale and 
now appears a likely outcome if similar operations are conducted in the East Midlands. Barite 
(barium sulphate) coprecipitation is a cost-effective method for removing radium from solution. 
For the first time, reagent quantities for radium recovery by barite coprecipitation have been 
optimised in saline solutions of ionic strength (IS) 0.3 and 3 M. The process is highly effective, 
removing a maximum of ~90% radium in a single optimised coprecipitation step, but requiring 
substantially more sulphate at 3 M than at 0.3 M ionic strength to reach this maximum. It has 
been shown that, if left, the radiobarite precipitate will continue to remove radium by post-
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precipitation (recrystallisation). A pattern of diminishing returns in radium recovery by post-
precipitation at each IS was observed; the rate was faster in the first 24 hours then dropped 
significantly over 14 days. After 14 days >80% of the radium was recovered, slightly more 
radium being removed at IS = 0.3 M. Therefore, if >90% radium recovery is sought, further co- 
and post-precipitation steps could be undertaken to approach the UK’s 0.01 Bq/dm3 radium 
aqueous waste discharge exemption limit. However, compliance with UK’s aqueous waste 
regulations would require multiple coprecipitation steps to recover >99.9% radium, which may 
not be feasible in practice.  
The Bowland Shale has high shale gas prospectivity and may be subject to further fracking 
operations in the future. Should local groundwaters mix with flowback fluid, there is potential 
for drinking water supplies to become contaminated. Baseline monitoring of groundwater was 
conducted in the region, so that comparisons may be made following potential fracking 
operations. The determined mean baseline for radium-226 and uranium-238 were 15.5 and 11.1 
mBq/dm3 respectively, both below their respective notifiable drinking water level in the UK. In 
the majority of the groundwaters, barite is supersaturated and geochemical modelling has 
shown that a considerable proportion of the aqueous radium could precipitate in the 
Ba1_xRaxSO4 solid solution. A further increase in dissolved radium, barium and sulphate as a 
result of fracking will greatly increase the likelihood of concentrating the radium in barite 
scales, commonly found in oil and gas production equipment. What this means in terms of the 
potential NORM inventory is that Ra-containing NORM could manifest itself as fluid or solid 
waste. 
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Units of radiation and dose 
 
Bq = Becquerel: the activity of a quantity of radioactive material in which 1 nucleus decays or 
disintegrates per second. 
 
Gy = Gray: unit of absorbed dose (D), 1 Gy is the absorption of 1 joule of radiation energy by 
1 kilogram of matter (J/kg). 
 
Sv = Sievert: used as a measure of equivalent and effective dose. Also in units of J/kg, but 
takes into account a ‘radiation type weighting factor’ (WR) and ‘tissue type weighting factor’ 
(WT). 
 
Radiation weighting factor (WR): modifies the absorbed dose to take into account that alpha, 
beta and gamma radiation will have different biological effects. This gives us the equivalent 
dose (commonly mSv or µSv per hour). 
 
Equivalent dose (HT): HT = Σ WR . D 
 
Tissue weighting factor (WT): takes into account the susceptibility of a particular tissue or 
organ to radiation. E.g. bone marrow is particularly susceptible; WT is high. Hard bone is 
particularly non-susceptible; WT is low. Taking this into account we get the effective dose 
(commonly mSv or µSv per hour). 
 
Effective dose (E):  E = Σ HT . WT 
 
(Source: Martin and Harbison1) 
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1. Introduction  
 2 
1.1 Objectives 
 
Naturally occurring radioactive material (NORM) in the oil and gas industry presents a 
conundrum for regulators and the legislative framework is still evolving. At present much 
(~90%) of the NORM arising in the offshore oil and gas industry is disposed of at source. 
Whether or not this practice is allowed to continue, marine disposal is not available to onshore 
production facilities and so other solutions will have to be devised. These will depend on the 
mineralogy, activity and types of radionuclide in the deposits. Unfortunately, very little 
characterisation work has been carried out and the extent, or even the existence, of NORM at 
the majority of onshore wells is not known. With the intention of future exploitation of the UK 
reserves of shale gas though techniques such as hydraulic fracturing or ‘fracking’, the potential 
for NORM production within the UK industry needs to be better understood. The principal 
objectives follow: 
 
• To establish the presence and extent of radioactive contamination at a number of 
onshore oil and gas-field sites in the UK. 
• To identify whether the exploitation of the UK shale gas reserves could present an issue 
for the future management of NORM. 
• To devise a cost-effective means of minimising the future environmental impact. 
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1.2 Radioactivity in the environment 
 
1.2.1 Natural sources of radiation 
 
There are two kinds of naturally occurring radiation that we are exposed to on Earth: cosmic 
radiation and, more importantly for this study, terrestrial radiation. Cosmic radiation arises due 
to the interaction between cosmic rays (originating from outer space) and gas particles present 
in the Earth’s atmosphere. Most cosmic radiation is either deflected by the Earth’s magnetic 
field or absorbed by its atmosphere and very little reaches the Earth’s surface. Terrestrial 
primordial radionuclides (and progeny) are responsible for the vast majority of human radiation 
exposure. The main primordial radionuclides are potassium-40, thorium-232 and uranium-238 
with less prevalent radionuclides including uranium-235 among others2. Industrial materials 
containing the radionuclides 238U, 235U and 232Th (and/or progeny) at enhanced concentrations 
are referred to as Naturally Occurring Radioactive Materials or ‘NORM’3. Important primordial 
decay chains are shown in Section 1.2.2. 
 
1.2.2 Primordial radionuclides 
 
The 40K decay chain differs from U and Th in that 40K decays by either β+ emission or electron 
capture (described in Section 1.2.3) directly into 40Ca or 40Ar whereas U and Th produce a 
complex decay series. In these series each radionuclide undergoes numerous radioactive 
disintegrations, changing each time into a different ‘daughter’ nuclide. Each new isotope emits 
either an α- or β-particle, usually accompanied by emission of a γ-ray. Natural U consists of 3 
radioactive isotopes of varying mean abundance (by mass): 238U (99.25 %), 235U (0.72 %) and 
an even smaller proportion of 234U (0.0055 %). Natural Th on the other hand is ~100% 232Th4. 
Figure 1 displays the two main primordial decay chains (238U and 232Th) and the 235U decay 
chain which is of greater significance for the nuclear industry3. Each chain terminates at a 
stable lead isotope. Considerably less probable side chains are omitted from the main decay 
chains shown. 
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Figure 1: Principal 238U, 235U and 232Th decay chains 
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1.2.3 Radioactive decay 
 
The nucleus of an atom can be thought of as an assembly of uncharged neutrons (N) and 
positively charged protons (Z); both of which are called nucleons. If all stable nuclei are plotted 
as a function of N (x-axis) and Z (y-axis) then a Segrè chart is produced. The addition of all 
known radioactive nuclides produces the Karlsruhe Chart of Nuclides (Figure 2, each square 
represents a nuclide, half-life shown in seconds). The chart runs all the way from hydrogen to 
the heaviest stable element, bismuth and beyond to heavier radioactive nuclides5. 
 
Figure 2: Karlsruhe Chart of Nuclides6 
 
 
Radioactive decay is a spontaneous process within the nucleus of an atom, which results in the 
emission of particles or electromagnetic radiation. The modes of radioactive decay are 
principally α and β. Gamma-ray emission is not strictly speaking a decay process; it is a de-
excitation of the nucleus. Radioactive decay is driven by mass change; the mass of the 
product(s) is less than the mass of the original nuclide5. The following section will explain each 
 6 
of these decay modes and will show how γ-ray emission frequently appears as a by-product of 
α or β decay. Examples from the 238U or 232Th decay chains (Figure 1) are used where possible. 
 
1.2.3.1 Beta decay 
 
We can think of the stable nuclides as occupying the bottom of a nuclear-stability valley that 
runs from hydrogen to bismuth. Nuclides outside of this valley bottom are unstable and 
therefore radioactive. Figure 3 shows a three-dimensional version of the low mass end of the 
Segrè chart with energy plotted on the third axis. 
 
Figure 3: The β stability valley at low mass3 
 
 
During β decay either neutrons are changing to protons (β-) on the right-hand side of the valley 
where neutron-rich radionuclides lie, or protons are becoming neutrons (β+ or electron capture) 
on the left-hand side of the valley where neutron-deficient radionuclides lie.  
 
β- or negatron decay example:  Pb 82
210  è Bi 83
210  + β- + ṽ  
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A β--particle is an electron. Following from earlier discussion, the sum of the masses of 210Bi, 
the β- and the ṽ (anti-neutrino, theoretically crucial for maintaining universality of the 
conservation laws of energy and angular momentum) are less than that of 210Pb. The mass 
difference drives the decay and appears as energy that is shared between the particles in inverse 
ratio to their mass. The β--particle and the anti-neutrino therefore share almost all of the decay 
energy in variable proportions, and for that reason β--particles are not mono-energetic; their 
energy is specified as Eβmax. 
 
β+ or positron decay example:  Cu 2964  è Ni 28
64  + β+ + v 
 
β+ is again driven by a mass change, but this time conservation issues are met by the 
appearance of a neutrino. For this process to occur some of the decay energy must be used to 
create an electron/positron pair (pair production). The electron combines with the excess proton 
to become a neutron and the positron is emitted. This can only occur when the decay energy 
exceeds 1022 keV (equal to the rest mass of an electron and positron combined). 
 
Electron capture (EC) example:  K 1940  + e- è Ar 1840  + v 
 
For neutron deficient nuclides close to stability, where 1022 keV is not available, nuclides can 
decay by EC. In this process the electron needed to convert the proton is captured by the 
nucleus from one of the extranuclear energy shells (usually the K-shell, as its wave functions 
have the greatest degree of overlap with the nucleus). Loss of the electron from the K-shell 
leaves a vacancy, which is filled by another electron dropping from a higher less tightly bound 
shell. The energy released by this process often appears as an X-ray; one X-ray may well be 
followed by others as electrons cascade down from shell to shell towards greater stability5. 
 
1.2.3.2 Alpha decay 
 
An α-particle is a helium-4 nucleus, He24
2+. The emission of this particle is commonly the 
preferred mode of decay at higher atomic numbers, Z > 83. Typically this is the decay of the 
most common isotope of radium (226Ra), the product in this case being radon gas (222Rn). 
 
Alpha decay example:   Ra 88226  è Rn 86222  + He24 2+ + Q 
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A fixed quantity of energy, Q, equal to the difference in mass between the initial nuclide and 
the final products, is shared between 222Rn and the α-particle in a definite ratio because of the 
conservation of momentum. Thus, the α-particle is mono-energetic and α spectrometry 
becomes possible5 (Section 2.1.2). 
 
1.2.3.3 Gamma emission 
 
The lowest energy state of each nuclide is called the ground state. Although transitions can go 
directly from one ground state to another, usually the ground state of the parent decays by 
either β- or α-emission, to an excited state of the daughter nucleus. Gamma radiation is released 
as the excited state de-excites and drops to the ground state3. Below are 2 examples (Figure 4 
and Figure 5) of decay schemes relevant to this project, where multiple decay pathways are 
seen. 
Figure 4: 210Pb decay scheme (β- decay)7 
 
 
Lead-210 disintegrates by β--emission to the excited state (1) and the ground state (0) of 210Bi. 
There is an 80.2 % probability that 210Pb decay will go via the 210Bi excited state and a 46.5 
keV γ-ray will be emitted as de-excitation occurs. The other 19.8 % of the time 210Pb will decay 
directly to the ground state of 210Bi and no γ-ray will be emitted (Figure 4). The 46.5 keV γ-ray 
is used to characterise 210Pb activity using gamma spectrometry (Section 2.1.1) 
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Radium-226 disintegrates by α-emission to the excited states and ground state of 222Rn. There 
is a 5.95 % probability that 226Ra decay will go via the 222Rn excited state that results in the 
emission of a 186.2 keV γ-ray. 94.04 % of the time 226Ra will decay directly to the ground state 
of 222Rn and no γ-ray will be emitted. Some other low probability decay pathways, going via 
different 222Rn excited states (not shown) result in the emission of other γ-rays, and more at 
186.2 keV (Figure 5). The 186.2 keV γ-ray is used to characterise 226Ra activity using gamma 
spectrometry (Section 2.1.1)7. 
 
Figure 5: 226Ra decay scheme (α decay)7 
 
 
1.2.4 Equilibria in radioactive decay 
 
There are three possibilities for equilibria that can exist between parent and daughter 
radionuclides: 
 
Secular equilibrium: Given an initially pure parent, the activity of the daughter will increase 
with time until it equals the activity of the parent. This can only be achieved when the parent 
radionuclide has a half-life much longer than that of the daughter.  At equilibrium the total 
activity will be roughly twice the original activity. This process will take around 7 half-lives of 
the daughter. Although the activity of each nuclide will be the same in a secular equilibrium, 
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the mass of each nuclide will be inversely proportional to its half-life2 (e.g. 226Ra (t1/2 = 1600 y) 
=> 222Rn (t1/2 = 3.8 d), Figure 6). 
Figure 6: Secular equilibrium of 226Ra and 222Rn in a sealed system 
 
Transient equilibrium: In this case the half-life of the parent nucleus is longer than the 
daughter’s, but only by a small amount. Given an initially pure parent, the activity of the parent 
will decrease as the activity of the daughter increases then at transient equilibrium the activity 
of the daughter will decrease at the same rate as the parent. The total activity will never be 
twice the original activity as with a secular equilibrium2 (e.g. 212Pb (t1/2 = 10.64 h) => 212Bi (t1/2 
= 60.54 mins), in a binary system, Figure 7). 
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Figure 7: Transient equilibrium of 212Pb and 212Bi in a binary system 
 
No equilibrium: When the half-life of the daughter is longer than that of the parent no 
equilibrium is reached between their activities. As the parent activity decreases the daughter 
activity will increase exponentially with time (assuming initially pure parent). As the activity of 
the parent falls below that of the daughter, the daughter activity will also begin to decrease2 
(e.g. 210Bi (t1/2 = 5.013 d) => 210Po (t1/2 = 138.3 d), in a binary system). 
 
Radioactive equilibrium can be disrupted by a number of means. For instance all of the decay 
series shown in Figure 1 contain one isotope of Rn gas. If it is allowed to escape from a solid 
sample, the equilibrium between the post-Rn nuclides and the parents of Rn will be lost. 
Groundwater passing though rocks containing radionuclides can selectively dissolve or leach 
the radionuclides based on their chemistry, and then transport them elsewhere. A new 
equilibrium may be established in a different location beginning with a parent nuclide, no 
longer supported by its ancestors that remain in the original source3. The radionuclide is now 
said to be ‘unsupported’. This is highly relevant to the formation of Ra- or Pb-containing 
NORM found in the oil and gas industry (Section 1.4).  
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1.3 Legislative framework 
 
 
This section will discuss international organisations relating to radioactivity and summarise 
regulations and safety standards that are applied to the management of NORM in the UK.  
 
1.3.1 International organisations 
 
The International Commission on Radiological Protection (ICRP) is an advisory body, which 
gives recommendations on radiation protection safety standards that are accepted as the basis 
for national legislation around the world. The standards have improved our knowledge of the 
effects of ionising radiation and of radiation protection. The development of nuclear reactors 
and the increase in nuclear weapons tests in the second half of the twentieth century gave rise 
to a vast increase in the number of radionuclides present in the environment. These events led 
to the creation of other international organisations with an interest in radiation protection. The 
most important are the United Nations Scientific Committee on the Effects of Atomic 
Radiation (UNSCEAR) and the International Atomic Energy Agency (IAEA). UNSCEAR 
reviews the sources, extent and effects of exposure to ionising radiation and provides data to 
ICRP whereas IAEA develops more practical standards. The IAEA is also the direct 
international reference and support for many national legislative frameworks around the world 
except in Europe and the United States of America (USA). The European Union (EU) has its 
own directives derived from ICRP regulations8,9,10. 
 
1.3.2 UK legislation 
 
The main piece of legislation set by the government in the UK was the Radioactive Substances 
Act (RSA) of 1962 and 199311. RSA ‘93 has now been revoked in England and Wales; in 2010 
the act was migrated into Schedule 23 of the Environmental Permitting Regulations (EPR)12. A 
second piece of important legislation set by the UK is the Ionising Radiations Regulations 
(IRR) 199913 which applies to occupational health. Both of these pieces of legislation are 
designed to implement the European Union’s Basic Safety Standards Directive (EUBSS) 
199614 (revised in 201215), which applies to both the occupational health and safety of the 
general public. 
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In 1996 the EU Basic Safety Standards Directive14 (revised in 201215) set in place regulations 
for the management of radioactive materials that must be adhered to by all member states 
including the UK. The EUBSS states that the primary scope of the directive is ‘all practices 
which involve a risk from ionising radiation from an artificial source or from a natural 
radiation source in cases where natural radionuclides are or have been processed in view of 
their radioactive, fissile or fertile properties’. This suggests that the regulations do not apply to 
exposures due to NORM sources, other than those involved in the nuclear fuel cycle. However, 
the second paragraph of Article 2 states that the Directive also concerns ‘work activities which 
involve the presence of natural radiation sources and lead to a significant increase in the 
exposure of workers or members of the public which cannot be disregarded from the radiation 
protection point of view’. Expanding on this, Title VII declares that each member state must 
apply the requirements of the directive to the working activities and industries that involve 
exposure to enhanced levels of natural radioactivity. This raised the issue of how these work 
activities should be identified, so in 1999 the European Commission produced a document16 
containing dose criteria as guidance for screening relevant industries. Although this document 
is not binding, it suggests a four-band dose system so that each member state can easily 
categorise different occupational exposures (Table 1). 
 
Table 1: European Commission 1999 guidelines16 
Band Action Normal conditions 
parameter (mSv/y) 
Unlikely conditions 
parameter (mSv/y) 
1 No need to consider regulation < 1 < 6 
2 Lower level of regulation should be 
applied 
< 6 < 20 
3 Higher level of regulation should be 
applied 
< 20 < 50 
4 Process should not be permitted 
without full individual assessment 
> 20 > 50 
 
‘Normal’ and ‘unlikely’ conditions are derived by each individual industry by looking at the 
radionuclide composition of the input materials. The doses chosen to partition the bands are 1, 
6 and 20 mSv/y under normal assumptions about exposure and 6, 20 and 50 mSv/y under 
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unlikely assumptions about exposure. These doses have been chosen because they align with 
dose levels used for the control of practices in the EUBSS Directive. 
 
The new 2012 Basic Safety Standards15 expanded on EUBSS 1996 by identifying a number of 
‘NORM industries’ with set limits for notification, clearance and exemption. These industries 
are discussed in Section 1.3.3. Each member state can include additional industries, e.g. 
kaolinite (China Clay) extraction was added to the UK list in EPR 201112.  
 
In England and Wales RSA ‘9311 was superseded by EPR Schedule 23 2010 (amended 2011 
and 2012)12. In 2010 18 Exemption Orders from RSA ’93 were still in force in England and 
Wales that related to NORM as well as substances of low activity, but by 2012 these had also 
been replaced. Of particular relevance to NORM industries was the Radioactive Substances 
(Phosphatic Substances, Rare Earths etc.) Exemption Order 196217 which has been replaced by 
a new Exemption Order relating to NORM industries in EPR 2010 (as of 2012). In Scotland all 
18 Exemption Orders were revoked and replaced by the Radioactive Substances Exemption 
(Scotland) Order in 201118, which is still the current legislation. The regulation of discharge 
and wastes from NORM industries are enforced by the Environment Agency (EA) in England, 
Natural Resources Wales (NRW), the Scottish Environment Protection Agency (SEPA) and the 
Northern Ireland Environmental Agency (NIEA) in each respective country18. 
 
As part of IRR ’9913, ‘Regulation 3’ clearly states that the regulations include work with 
substances containing NORM and detailed guidance on this is presented in the associated 
approved code of practice19 for IRR ’99. The full regulatory package comprises three distinct 
tiers: regulations, Approved Code of Practice (ACoP) and guidance. The regulations 
incorporate ICRP’s system of dose limitation and follow the basic principle of keeping all 
radiation exposures ‘As Low As Reasonably Practicable’ (ALARP). The Health and Safety 
Executive (HSE) in the UK enforces these regulations. In the case of substances containing 
NORM used in work, the regulations only apply if ‘their use is likely to lead to employees or 
other people receiving an effective dose of ionising radiation in excess of 1 mSv in a year’. 
 
 
 
 15 
1.3.3 Regulation of industrial NORM 
 
Radiation protection must be considered in some industries that do not intentionally use known 
sources of radiation. Many technological activities inadvertently concentrate and/or redistribute 
natural radioactivity in such a manner that significant human exposure can occur. As stated 
above, the new 2012 Basic Safety Standards15 expanded on EUBSS 199614 by identifying a 
number of ‘NORM industries’ which are presented in Table 2; sectors in bold are discussed in 
more detail below. Oil and gas production will be discussed at length in Section 1.4. 
 
Table 2: Sectors designated as ‘NORM industries’ by EUBSS15 
Extraction of rare earths from monazite Geothermal energy production 
Production of phosphate fertilisers Primary iron production 
Production of thorium compounds, Th-
containing products 
TiO2 pigment production 
Cement production, maintenance of clinker 
ovens 
Tin/lead/copper smelting 
Processing of niobium/tantalum ore Thermal phosphorus production 
Coal-fired power plants, maintenance of 
boilers 
Groundwater filtration facilities 
Oil and gas production Zircon and zirconium industry 
Phosphoric acid production Mining of ores other than uranium ore 
 
Iron and steel industry: iron ore processing and smelting can lead to enhanced levels of 
radionuclides in products, by-products, waste and in the surroundings and installations of the 
facility. The resulting radiation hazard from the NORM is generally small and as a 
consequence radiation has not been systematically monitored nor accurately measured. Little 
radiological information is available regarding the iron and steel industry and all other metal 
ore smelting sites. It has been known for around two decades that 210Po and 210Pb are the main 
radionuclides present in NORM wastes from iron ore processing due to their low boiling 
points. The temperatures reached during various processes (e.g. iron sintering and processes 
carried out in a blast furnace) disturb the radioactive equilibrium established in the raw 
materials. As a result dust from sinter plant off-gas cleaning and dust carried by blast furnace 
gas are enriched with 210Po and 210Pb. Blast furnace dust contains more 210Pb than 210Po 
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because 210Po, to a large extent, has been removed more significantly in the iron sintering 
process due to its lower boiling point2,20. 
 
Phosphate Industry: phosphate is a common constituent of fertilizer and significant mining 
operations take place in many countries. Where enhanced concentrations of phosphate are 
found in phosphate ore [phosphorite: Ca10(PO4)6F2], enhanced concentrations of 238U and 232Th 
(and progeny) can also be found; up to 5 kBq/kg and up to 2 kBq/kg respectively. Usually the 
first step in processing phosphorite is to treat it with sulphuric acid. This forms a calcium 
sulphate precipitate called phosphogypsum that contains most of the 226Ra and smaller 
proportions of previous members of the 238U decay series.  Phosphogypsum represents a 
significant NORM waste and it was estimated in 2000 that between 2.2 and 2.8 × 108 tonnes 
was produced around the world2. One study suggested around 14 % of phosphogypsum is 
reprocessed, 58 % is stored and 28 % is discharged to the aquatic environment21. 
 
Niobium production: pyrochlore [(Na,Ca,Ce)2Nb2O6F] is probably the most important Nb 
containing ore and contains 238U and 232Th concentrations of 10 and 80 kBq/kg respectively. To 
the ore is added aluminum powder, aluminum wire and iron chippings and the mixture is 
heated in a furnace forming ferroniobium alloy. The 238U and 232Th partitions with furnace slags 
and becomes concentrated2. 
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1.4 NORM in the oil and gas industry 
 
1.4.1 Hydrocarbon geology 
 
Thermal cracking of organic matter trapped in sedimentary rock generates hydrocarbons in sub-
surface geological formations known as source rocks. As the source rock becomes increasingly 
buried and the temperature rises, it eventually reaches maturity and the organic matter 
(kerogen) is transformed into oil and/or gas. Important source rocks are shales, carbonates and 
coal22. The hydrocarbon is then forced under pressure from the source rock and either migrates 
to a reservoir rock formation where it becomes trapped or escapes from the Earth’s surface as 
seepage. Migration, driven by pressure, is thought to occur through minor fractures and faults 
within a carrier rock, moving in a sideways or upward direction due to hydrocarbons being 
lighter than water. A hydrocarbon reservoir consists of a porous sedimentary rock containing 
water, oil and gas, sealed by an impermeable rock or salt known as a cap rock (Figure 8)22.  
 
Figure 8: Hydrocarbon geology23 
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1.4.2 Production methods 
 
1.4.2.1 Conventional 
 
Conventional oil and gas (Figure 9) refers to petroleum, or crude oil, and raw natural gas 
extracted from the ground by conventional means and methods. In practice conventional oil and 
gas applies to hydrocarbons that can be extracted, after the drilling operations, just by the 
natural pressure of the wells and pumping or compression operations. After the depletion of 
maturing fields, the natural pressure of the wells may be too low to produce significant 
quantities of oil and gas. Different techniques may be used to boost production, mainly water 
and gas injection or depletion compression, but these oil and gas fields will still 
be conventional resources24. Oil and gas reservoirs often contain water as well as hydrocarbons; 
oil wells sometimes produce large volumes of water with the oil, while gas wells tend to 
produce water in smaller proportion. This by-product known as ‘produced water’ is usually a 
brine, contains high total dissolved solids (TDS), and can contain radionuclides leached from 
the hydrocarbon geology. Over time this can lead to deposits of radioactive scale in production 
equipment25,26 (Section 1.4.3 and 1.6.2). 
 
Figure 9: Conventional hydrocarbon extraction and its pump-jacks 
  
 
1.4.2.2 Unconventional 
 
Hydraulic fracturing or ‘fracking’ (Figure 10) is a technique used in unconventional gas 
production. Unconventional reservoirs can cost-effectively produce hydrocarbons only by using 
a special stimulation technique, like fracking, or other special recovery process and technology. 
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This is often because the gas or oil is highly dispersed in the rock, rather than occurring in a 
concentrated underground location. Fracking involves pumping large quantities of fluids at 
high pressure down a wellbore and into the target rock formation. Fracturing fluid commonly 
consists of dilute acid, proppant and chemical additives that open and enlarge fractures within 
the rock formation27. Once the injection process is completed, and natural gas has been 
released, the internal pressure of the rock formation causes fluid to return to the surface through 
the wellbore. This fluid is known as ‘flowback fluid’ and is likely to be highly saline, 
containing the injected chemicals plus naturally occurring materials such as 
groundwater/brines, metals, hydrocarbons and, importantly for this study, radionuclides28 
(Section 1.4.3). 
 
Figure 10: Unconventional shale gas extraction29 
 
 
1.4.3 NORM formation 
 
Worldwide there are more than 40,000 oil and gas fields, many of which are thought to be 
contaminated with NORM. In 1992, the American Petroleum Institute estimated that every year 
on average 100 tonnes of scale is generated at each well30. The amount varies substantially 
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from well to well due to different geology and production methods, but the potential inventory 
is significant31. The following paragraphs will describe how NORM appears in the oil and gas 
industry and how it has become a global issue. 
 
There is a strong correlation between the amount of 238U and 232Th in the rock types mentioned 
above, and members of their decay chains becoming contaminants of radiological importance 
in the oil and gas industry22. Table 3 lists some typical natural 238U and 232Th concentrations in 
sandstones and shales which are relevant to oil and gas production. 
 
Table 3: Mean 238U and 232Th concentrations in sedimentary rocks22,32,33,34 
 238U 232Th 
Sedimentary rock 
type 
  Bq/g mg/kg Bq/g  mg/kg 
mean mean 
Sandstones  0.05 4.1 0.04 9.7 
Shales 0.07 5.9 0.07 16.3 
 
The activity concentrations of naturally occurring radioactive isotopes, primarily from the 
primordial 238U and 232Th decay chains, often become enhanced during extraction and 
production of hydrocarbons22,35,36. When a hydrocarbon-containing geological formation is 
open to radionuclide migration, changes in chemical and physical conditions can result in 
mobile radionuclides being transferred from the hydrocarbon reservoir to produced waters, 
flowback fluid and production equipment. Radioactive isotopes of lead, radon, polonium and, 
primarily radium, are the most prevalent22,36. Thorium compounds remain in the underground 
reservoir when oil and gas are brought to the surface. The same is largely true for uranium 
compounds as the redox potential around a hydrocarbon reservoir is usually strongly reducing 
and, under reducing conditions, tetravalent U is effectively immobile5,32,37. Uranium and Th 
chemistry is discussed in Section 1.4.4. 
A number of processes can increase the potential inventory of radionuclides in the aqueous 
phase in the reservoir. Within the channels of the carrier rock will usually be a mixture of an 
aqueous and a hydrocarbon phase. In a reducing, low sulphate environment, isotopes of Ra may 
leach into the aqueous phase and be carried to the reservoir (Section 1.4.4.1). Alternative 
environments may lead to the selective leaching of radiogenic lead over the more common Ra 
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leaching22,38 (Section 1.5.2). Also, if for instance the cap rock is a ‘black shale’ that contains 
relatively high U and Th concentrations, increased Ra or Pb leaching may occur at the 
interface. If the cap rock is a salt layer formed by evaporation of ancient seawaters, 40K will be 
the main radionuclide present, however 40K is not usually found in NORM from the oil and gas 
industry at enhanced concentrations. 
 
Initially, when oil and gas are conventionally removed from the underground reservoir, the 
amount of formation water co-produced with the hydrocarbons will be low. However, as the 
natural pressure in the reservoir rock decreases over time, ‘incompatible waters’ (Section 1.6.2) 
need to be injected to maintain pressure. These incompatible waters, coupled with a drop in 
pressure and temperature above ground, lead to precipitation of insoluble phases as the 
hydrocarbons are brought to the surface4. The result is formation of the radioactive (mainly Ra-
containing) scale and sludge found in tubulars, wellheads, valves, pumps and storage tanks. 
Unconventional methods of hydrocarbon production also present a NORM issue. Enhanced 
removal in the form of fracking, using acids at higher temperatures and pressures than 
conventional extraction, is likely to mobilise a greater proportion of the U and Th series 
elements than conventional extraction, as seen frequently in mineral processing39–41 and as 
shown by experience in the United States26,42. Large volumes of waste flowback fluid from 
fracking can contain above regulation levels of Ra28,44,44. 
 
In terms of the 232Th and 238U decay chains, radionuclides that are mobilised from the reservoir 
are of importance to NORM in the oil and gas industry. Radionuclides that remain in the 
reservoir rock do not appear in significant amounts in NORM wastes and are deemed not to be 
relevant to NORM produced in the oil and gas industry. Figures 11 and 12 summarise this, and 
show the main mechanisms by which radionuclides are removed from sub-surface rock 
formations during oil and gas production. Although the transport mechanisms for all the mobile 
nuclides are not fully understood, it is clear that a number of key radionuclides may be found in 
enhanced concentrations, unsupported by their ancestors. The main forms of appearance of 
NORM in the oil and gas industry are summarised in Table 4. 
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Table 4: Main forms of NORM appearance in the oil and gas industry45 
Form Radionuclide(s) Characteristics Occurrence 
Radium scales 226Ra, 228Ra, 224Ra and 
progeny 
Hard deposits of 
calcium, strontium and 
barium sulphates and 
carbonates 
Wet parts of 
production 
installations, well 
completions 
Radium sludge 226Ra, 228Ra, 224Ra and 
progeny 
Sand, clay, paraffins, 
heavy metals 
Separators, skimmer 
tanks 
Lead deposits 210Pb and progeny Stable lead deposits, 
PbS, PbSO4 and 
metallic lead 
Wet parts of 
production 
installations, well 
completions 
Polonium films 210Po Very thin films Condensate treatment 
facilities 
Polonium in gas 
condensates 
210Po Unsupported in gas 
condensate 
Gas production 
Natural gas 222Rn, 210Pb, 210Po Noble gas / daughters 
plated onto surfaces 
Consumer domain, gas 
treatment and transport 
systems 
Produced water 226Ra, 228Ra, 224Ra 
and/or 210Pb 
Large volumes in oil 
production, usually 
saline 
All production 
facilities 
Flowback fluid 226Ra, 228Ra, 224Ra 
and/or 210Pb 
Large volumes from 
fracking, usually saline 
Hydraulic fracturing 
(unconventional) 
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Figure 11: Transport of 238U progeny in oil and gas production22,45 
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Figure 12: Transport of 232Th progeny in oil and gas production22,45 
 
 
Evidently there are 4 main radioactive elements that can be selectively transported away from 
their source: Ra, Rn, Pb and Po. Each of these can become concentrated (and unsupported) in a 
variety of forms and collect in different parts of oil and gas production facilities. Thorium 
remains in the reservoir rock and U is only removed under oxidising conditions but is unlikely 
to concentrate in production equipment. Relevant radioactive elements will be discussed in the 
following section. 
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1.4.4 Radioactive elements of significance 
 
1.4.4.1 Radium 
 
Radium is always radioactive and appears four times throughout the three primordial decay 
schemes shown in Figure 1, Section 1.2.2. The four naturally occurring radioisotopes of Ra are 
226Ra (238U series), 228Ra and 224Ra (232Th series) and 223Ra (235U series). Each Ra isotope 
produces a chain of daughters that are very short lived and all contribute to the overall radiation 
load of Ra bearing substances. For example, when 226Ra is selectively transferred from its 
source and becomes unsupported, secular equilibrium with its short-lived daughters (222Rn, 
218Po, 214Po, 214Pb, & 214Bi) will be reached in approximately 4 weeks (Section 1.2.4). 
Generally, the most important Ra isotope is 226Ra given the relative abundance of 238U in the 
environment, the long half-life of 226Ra (1600 y), and the fact that it decays into 222Rn (Section 
1.4.4.4). Radium-228 is from the 232Th decay chain, has a half-life of only 5.75 y and is of less 
long term environmental concern46. 
 
Because Ra is soluble over a wide range of pH and redox conditions44 its isotopes are the 
dominant radionuclides found in NORM from the oil and gas industry. Radium levels found in 
NORM depend on a number of factors including: the amount of Ra present in source and 
reservoir rocks (total inventory), the age of the production well, formation water chemistry, the 
extraction and treatment processes used and flow rate47. Radium can enter formation water or 
groundwater via several processes including leaching, dissolution, solid phase diffusion and α-
recoil46. Radium is an alkaline earth metal and its chemical characteristics are expected to be 
similar to other alkaline earths (Ca, Sr, Ba) and many studies have confirmed that Ra 
coprecipitates (in a solid solution) with Ba and Sr in barite (BaSO4) and celestite (SrSO4) 
scale48,49 (Section 1.6.3). These are the most common Ra-bearing phases found in NORM 
produced during oil and gas production. 
 
Radium-226 concentrations found in barite scale can vary from background levels to several 
thousand Bq/g48; a concentration as high as 15 kBq/g was reported by the US Environmental 
Protection Agency in 199350. Formation of these scales can result in the blockage of pipeline 
segments that need to be replaced or cleaned; maintenance then gives rise to radiation 
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protection issues51,52 (Section 1.4.6). Table 5 summarises Ra activity concentrations that have 
been observed in NORM deposits from the oil and gas industry around the world. 
 
Table 5: Ra activity in NORM taken from conventional oil and gas fields around the world  
Country Type of deposit 226Ra (Bq/g) 228Ra (Bq/g) 
UK (1987)52 Scale 1 – 1000 nr 
UK North Sea (1998)53  Scale 0.66 – 300 nr 
Norway (1997)54 Scale 0.3 – 32.3 0.3 – 33.5 
Norway (1997)54 Sludge 0.1 – 0.47 0.1 – 4.6 
Australia (1998)53 Scale/Sludge 20 – 70 nr 
USA (2001)55 Scale 15.4 – 76.1 nr 
Brazil (2003)56 Scale 19.1 – 323 4.21 – 235 
Brazil (2003)56 Sludge 0.36 – 367 0.25 – 343 
Algeria (2001)57 Scale 1 – 950 nr 
Algeria (2001)57 Sludge 0.069 – 0.393 nr 
Syria (2005)49 Scale 0.3 – 1520 0.6 – 868 
(nr = not reported) 
 
Radium exists in nature only in the 2+ oxidation state and is therefore not directly affected by 
changes in groundwater redox conditions. However other species that impact Ra2+ behaviour 
can be affected by redox. High SO42- and Ba2+ concentrations can result in Ra coprecipitating in 
the Ba1-xRaxSO4 solid solution (Section 1.6.3), which reduces aqueous Ra2+ concentrations31,38. 
However, under anoxic conditions, SO42- may be reduced to H2S and barite saturation may not 
be reached. In terms of the aqueous speciation of Ra, Ra2+ is usually by far the most dominant 
species, but in waters with high sulphate concentrations a significant fraction of the Ra would 
be in the aqueous sulphate form, RaSO4 (aq). In contrast, in a solution with an equally high Cl- 
concentration a much smaller proportion of the Ra would be in the RaCl+ form i.e. RaSO4 (aq) is 
more thermodynamically stable than RaCl+. The amount of RaSO4 (aq) and RaCl+ is dependent 
on the concentrations of the respective anion and also the SO42-:Cl- ratio58. At high pH (> 10) 
and high carbonate concentrations (> 60 mg/dm3) a significant fraction of Ra would be 
complexed as RaCO3 (aq)44,59. 
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1.4.4.2 Uranium 
 
As outlined in Section 1.2.2, natural U consists of 3 radioactive isotopes, primarily 238U. 
Uranium exists in nature, primarily in the IV and VI oxidation states. Uranium(IV) as UO2 is 
generally insoluble and exists only in reducing, acidic (pH < 4) sulphurous hydrothermal 
waters. By oxidation U(IV) passes to U(VI). A U6+ species does not exist in solution, but forms 
the complex uranyl ion, UO22+, which is very soluble and relatively stable under oxidising and 
acidic (pH < 2) conditions. Uranium(VI) is chiefly transported in solution but under reducing 
conditions UO22+ forms numerous complexes with organic compounds (e.g. humic acids). In 
general, reducing conditions increase with depth due to decreasing available oxygen, the 
presence of metal sulphides and organic matter, and the activity of anaerobic bacteria. As a 
result U concentration in groundwater is typically low (0.01 – 5 mg/dm3) and its isotopes tend 
to remain in the reservoir during oil and gas production5,22,60,61,62.  
 
1.4.4.3 Thorium 
 
As outlined in Section 1.2.2, natural thorium is ~100% 232Th. Thorium exists only in the IV 
oxidation state. All Th(IV) compounds are highly insoluble in natural waters, and strongly 
adsorb onto mineral surfaces. Thorium has a strong affinity for humic acids and other organic 
ligands, and so can be concentrated in organic deposits or transported in organic colloids (in 
suspension). Owing to its large ionic radius, Th is likely to be absorbed between the platelets on 
clay minerals. Overall, Th concentrations in groundwater are very low (~0.007 µg/dm3). 
Thorium compounds remain in underground hydrocarbon reservoirs when oil and gas are 
brought to the surface 5,22,60,61,63. 
 
1.4.4.4 Radon 
 
NORM waste from oil and gas production involves the generation and release of chemically 
inert 222Rn gas, which is the daughter radionuclide of 226Ra (238U decay series). Another less 
prevalent Rn isotope produced through the radioactive decay of 228Ra is 220Rn (232Th decay 
series). 222Rn has a half-life of 3.8 days whereas 220Rn, often referred to as thoron, has a half-
life of only 55.8 seconds and does not pose a serious problem from a radiation protection 
standpoint unless someone is in direct contact with the gas55. Unlike other radionuclides, radon 
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has the ability to move away from its origin by gaseous diffusion. Another feature of Rn is that 
it will partition into non-aqueous phase liquids (NAPLs) e.g. hydrocarbon oils. Its solubility in 
organics is much higher than in aqueous liquids64. Due to its inertness when 222Rn is inhaled it 
is usually exhaled straight away, therefore it is not so much 222Rn that poses the greatest risk, 
but its radioactive daughters (218Po, 214Po, 214Pb, 214Bi and 210Pb), which are estimated to be 20 
– 50 times as hazardous as 222Rn itself. If the 222Rn daughters manage to attach themselves to 
ambient aerosols and are then inhaled, α-particles can deposit their energy in the immediate 
localised area (the respiratory system)46 and cause harm (Section 1.4.6). 
 
1.4.4.5 Lead 
 
Unsupported concentrations of 210Pb (238U series, half-life 22.3 y) as high as several kBq/g are 
found at some oil and gas production facilities38,39. If conditions in the hydrocarbon reservoir 
are high sulphate and low sulphide then 210Pb will be selectively leached and transported 
instead of 226Ra (explained in more detail in Section 1.5.2 relating to a study conducted at 
Wytch Farm oil field in the UK). Lead-210 can be deposited on wet parts of production 
installations and well completions or plated onto steel pipework as a thin film38. There are two 
potential sources of unsupported 210Pb concentrations found in NORM: direct precipitation as 
PbS (galena) or PbSO4 (anglesite) due to Pb chemistry or an accumulation of 222Rn flowing 
through a pipeline, some of which will decay to 210Pb. 
 
1.4.4.6 Polonium 
 
The main Po isotope is 210Po, which has a half-life of 138.4 days and belongs to the 238U decay 
series. Very little is understood about Po transport mechanisms during oil and gas production. 
Liquid hydrocarbons associated with natural gas, also known as ‘gas condensates’, can contain 
low levels of 210Po. As this radionuclide is found in unsupported concentrations and not in 
equilibrium with other members of the 238U decay series it must in some way be selectively 
extracted and is probably present as an organic or inorganic compound65. The chemistry of Po 
is very similar to that of tellurium and bismuth. Since those two elements form rather stable 
organometallic compounds, which can be found in the environment, it may be expected that 
methylated and permethylated Po compounds will be discovered in the future66. 
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1.4.5 Characterisation of NORM – a literature review 
 
For over a century it has been known that thermal brines can be enriched with natural 
radioactive substances67,68. These brines are raised to the surface along with natural oil and gas 
as an unwanted by-product known as produced water. In 1904, Himstedt69 and Burton70 found 
radon in crude petroleum and reported higher than background radioactivity. In 1913 Czako71 
reported on the radon content of natural gas in Romania, Hungary, Austria and Germany. The 
presence of NORM in oil and gas production was first recognised in the late 1920s and early 
1930s when a number of Russian research papers reported that slightly elevated levels of Ra 
could be detected in their oil fields72. For example in 1927, Tcherepennikov73 measured a Ra 
content of 7.4 x 10-6 mg/kg (230 Bq/kg if all attributable to 226Ra - significantly more than 
current aqueous radioactive waste exemption limits in the UK12 and USA74) in a brine sample 
taken from a well in the Uchta oil field in North East Russia. A number of studies conducted in 
oil fields in the USA, for example in Oklahoma75 and Kansas76, published in the 1950s, also 
discussed the presence of elevated levels of Ra in oil field brines. 
 
It wasn’t until the early 1970s that an official survey was conducted from a radiation protection 
standpoint. Gesell77 investigated the potential hazard of occupational exposure due to the 
radiation of 222Rn and its daughter products in gas processing plants. The study found the mean 
concentration of 222Rn to be 4 Bq/dm3 in the natural gas and concluded this would not result in 
significant radiation exposure to employees at the plants. It was recognised that 210Pb, a 
daughter product of 222Rn, builds up on the internal surfaces of processing equipment and can 
become hazardous during maintenance operations. Dose rates of up to 80 µSv/h on equipment 
surfaces were attributed to Rn daughter deposits77. 
 
In 1977 Heijde, Been and de Monchy78 published a comprehensive study on radionuclides in 
natural gas production. A survey of European and overseas gas fields was conducted, but unlike 
Gesell77, they found dose rates of no more than 0.2 µSv/h. The same study found the weighted 
average for 222Rn concentration in natural gas produced in the Netherlands to be only 74 
mBq/dm3. An interesting discovery was a geochemical anomaly in the southern North Sea; a 
210Po concentration of 320 Bq/g was detected in sludge and scale from the Leman field78. At 
this stage, apart from this anomaly, all questions of radiological significance appeared to have 
been answered and earlier reports of high Ra content stated above had seemingly ‘fallen into 
oblivion’ 72. 
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In the early 1980s increased gamma radiation detected in a North German oil field, traceable to 
radioactive scale, sparked the need for further research. In 1985 a report published by Kolb and 
Wojcik72, indicated the presence of 226Ra in brines and scales from various oil and gas fields in 
Germany. Of the 160 sites surveyed, 72 % showed no more than natural background radiation 
and 19 % showed dose rates of only 0.1 to 1 µSv/h. However 13 sites showed dose rates above 
1 and up to 50 µSv/h. The highest dose rates were measured from barite scales containing 
226Ra, which had formed on the surface of tanks used to store brines.  
 
In this German study, 172 brine samples of different origin were analysed; 96 from gas fields 
and 76 from oil fields. Mean 226Ra activity concentrations were calculated to be 8.8 Bq/dm3 and 
6.3 Bq/dm3 respectively. The 46 brine samples with the highest activity were further analysed 
for 228Ra. Some brine samples from the East Hanover area of Germany contained unsupported 
210Pb activity concentrations of up to 200 Bq/dm3. Uranium and Th concentrations were found 
to be insignificant in all brine samples taken in the study. The most prevalent radionuclides in 
scale were found to be 226Ra and 228Ra, but in several samples significant amounts of 210Pb (up 
to 72 Bq/g) were also discovered. Radium-226 contained in barite scale was determined to have 
specific activities as high as 1 kBq/g. 
 
Conclusions from this report stated that as long as Ra remained in solution the brines presented 
no problems from a radiation protection point of view. At the sites where Ra had precipitated in 
storage tanks, pumps and pipes, it was determined that the annual dose would not exceed 5 
mSv under ‘normal conditions of operation’ (Table 1 in Section 1.3.2 provides context for 
annual dose rates that are of interest in radiation protection). The report advised that Pb-
containing scale deposits should be analysed for unsupported 210Pb even if no external radiation 
is detected, as relatively high specific activity can occur. About 20 % of all scale samples were 
found to exceed the then 500 Bq/g exemption limit derived by the ICRP79. As with previous 
reports77 this study confirmed the amount of 222Rn in natural gas would not result in any 
significant radiation exposure. 
 
Several observations made in the late 1980s80,81,82,35 and early 1990s30, further renewed interest 
in NORM in the oil and gas industry. For example Summerlin and Prichard80 produced a study 
giving experimental confirmation that when contaminated equipment from natural gas 
production is dismantled for cleaning and maintenance, α-particle exposure to internal organs 
can occur. The problem stems from the chemically active long-lived daughters of 222Rn: 210Pb 
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and 210Po. These radionuclides can be deposited onto surfaces that come into contact with the 
gas stream, and therefore need to be cleaned. Air samples were taken in the ‘breathing zone’ 
during the abrasive cleaning of a pump impeller (a rotor used to increase pressure and improve 
fluid flow in pipelines). Based on the findings in this study, cleaning the entire impeller over a 
12 minute period would give roughly equivalent exposure to breathing at the maximum 
permissible concentration for about 60 hours. Another example was in 1989 when the 
American Petroleum Institute sponsored a nationwide investigation into the radioactivity of 
exterior surfaces of equipment used in oil production35. 42 % of sites were found to have higher 
than background radioactivity, with 10 % registering 5 times the median background. However 
this study was not statistically valid, as some of the sites were already known to be associated 
with elevated levels of radioactivity. 
 
Research in this field has continued into the 21st century at different oil and gas production sites 
all around the world. In 2005 Al-Masri and Aba49 produced a study entitled ‘Distribution of 
scales containing NORM in different oilfield equipment’ which was carried out at a number of 
Syrian oil production sites. 152 scale samples were taken from various different kinds of 
equipment used in oil production (‘christmas trees’, valves, tubulars, spools and pumps) and 
analysed for radioactivity and elemental and mineralogical composition.  
 
In this study conducted in Syria, the average activity in the scale of the three main Ra isotopes, 
226Ra, 228Ra and 224Ra were 174, 91 and 67 Bq/g respectively, with the highest 226Ra activity 
detected to be 1520 Bq/g. From all the scale samples the mean 228Ra/226Ra activity ratio was 
determined to be 0.76. From this a Th/U mass ratio of 2.3 was determined, which was 
considered to be a fingerprint for the Th/U mass ratio of the hydrocarbon reservoir rock. 
However this may not be a particularly accurate assumption due the difference in solubility of 
U and Th. The average ages of the NORM scales were estimated using the 224Ra/228Ra activity 
ratio. The highest average age of 5.3 y was found in scales from valves, which implies that high 
Ra activities are accumulating in a relatively short period of time. 
 
Finally this study used XRD and XRF measurements to attempt to correlate the amount of Ra 
with mineralogical and chemical compositions of scale. The scales were found to be composed 
of aragonite and calcite (both CaCO3), galena (PbS), and barite (BaSO4). Using a multiple 
regression analysis method it was shown that 226Ra is highly correlated with Ba and Sr content 
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in scales (R2 = 0.92) and not with Ca (calcite and aragonite). This is in agreement with a study 
conducted in Germany by Strand and Lysebo in 199854.  
 
In 2008 Gazineu and Hazin83 published a study which analysed Ra and 40K levels in 24 scale 
and sludge samples taken from onshore oil production sites in the states of Sergipe and 
Alagoas, Brazil. Radium-226 concentrations ranged from 42.7 to 2110 Bq/g, 228Ra ranged from 
40.5 to 1550 Bq/g while the 40K range was much narrower (and lower) at 20.6 to 186.6 Bq/g. In 
each sample of scale or sludge the 228Ra activity levels were consistently lower than for 226Ra, 
with 40K activity being much lower than both Ra isotopes. For sludge samples the median and 
maximum activity levels were lower than in scale samples for all isotopes measured. 20 of the 
24 samples contained 226Ra activity concentrations in excess of the EUBSS 199614 exemption 
limit of 10 Bq/g. Only 2 of the 24 samples contained 40K activity concentrations above the 
exemption limit of 100 Bq/g. Generally, however, 40K is not a NORM issue in the context of oil 
and gas production. 
 
Over the last two decades fracking has started to become prevalent in the USA and as a result 
large volumes of saline Ra-containing flowback fluid have become a NORM issue28,43,84–90 
(Section 1.4.2.2). Recent literature from the last 5 years has determined the levels of 226Ra in a 
number of flowback fluids. For instance, 226Ra activity in Marcellus shale flowback fluid from 
the Appalachian basin in Pennsylvania ranges from low tens to hundreds of Bq/dm3, with a 
median of 198 Bq/dm3 91; the USA’s aqueous radioactive waste discharge exemption limit is 
2.22 Bq/dm3 74. In the UK, flowback fluid from exploratory wells at Preese Hall Farm (North 
West England - Bowland Shale) contained 226Ra levels as high as 90 Bq/dm3 43; the discharge 
exemption limit for 226Ra is 0.01 Bq/dm3 in the UK14. Fracking for shale gas is currently 
practiced in Germany84, China85, Australia86 and extensively in North America28,89,90. 
Commercial fracking operations could potentially be carried out in the UK88. 
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1.4.6 Radiation protection 
 
The volume of radioactive waste produced by NORM industries far outweighs that produced 
by the nuclear industry. In fact some of the radioactive scales formed during oil and gas 
production have activities similar to that of intermediate level nuclear waste92. Although the 
majority of NORM wastes are considerably less active than those from the nuclear industry, 
they still need to be handled and disposed of carefully so as to reduce exposure. The radioactive 
scales build up in pipes and vessels in oil and gas production equipment and require 
maintenance to unblock them. The de-scaling of equipment results in occupational radiation 
exposure and in waste streams becoming contaminated with radionuclides. 
 
Primary hazards are inhalation of Rn gas and fine particulates containing other radionuclides 
that could include isotopes of Ra, Bi or Pb. Once inside the lungs, nuclear radiation in close 
proximity to the cells cause ionisation of water molecules. This eventually results in the 
formation of highly chemically active species known as free radicals (H• and HO•). Two 
hydroxyl radicals inevitably combine to form the oxidizing agent H2O2. Free radicals and 
oxidizing agents may then attack the complex DNA molecules that form the chromosomes1. 
 
Radiation-induced changes at the cellular level can lead to two distinct types of injury: 
1. Stochastic effects in which the probability of occurrence of the effect increases with 
dose. The effects include cancer induction and heritable effects in future generations. 
2. Deterministic effects in which, above a certain threshold dose, the severity of the effect 
increases with increasing dose. The effects include erythema (reddening of the skin), 
hair loss, gastrointestinal death and central nervous system death. 
 
In the oil and gas industry the latter is very unlikely to occur due to the likely doses that could 
be received being significantly below the amounts required to cause deterministic effects. The 
main task at hand is to reduce stochastic effects by optimising time, distance and shielding. In 
other words, minimizing time around radioactive waste, keeping a safe distance where possible, 
and using correct personal protective equipment and other shielding e.g. a concrete bund for 
waste storage1.  
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1.5 NORM in the UK’s onshore oil and gas industry 
 
1.5.1 Hydrocarbon geology and provinces 
 
The principal hydrocarbon provinces of the UK begin with the late Paleozoic petroleum 
systems in the East Midlands, northern England and southern Scotland and going down through 
the UK’s southern Mesozoic petroleum systems93. Table 6 summarises the key sources, 
reservoirs and cap rocks that together create the hydrocarbon-forming geology for each UK 
onshore basin. All information in Table 6 is taken from a 2013 DECC report entitled ‘The 
Hydrocarbon Prospectivity of Britain’s Onshore Basins’ 93. 
As already stated the geochemical make-up of the hydrocarbon geology (source, reservoir and 
cap rocks) in the UK will have a great influence on the chemical conditions and radionuclides 
present in the aqueous phase. Each basin has a different geological setting, and the rocks will 
contain different levels of U and Th. For instance it is already known that the Triassic 
Sherwood Sandstone reservoir at Wytch Farm in the Wessex-Channel basin is unusually 
enriched in U (as high as 70 mg/kg)38. There are limited data for 238U and 232Th content in the 
hydrocarbon geology of the rest of the UK. 
According to DECC94 as of October 2015 there were around 40 sites onshore in the UK that 
currently produce oil or gas. A further 40 or so ‘discovery only’ sites exist, where production 
has ceased or has not yet begun. Each site varies in its production quantity, timescales and 
geology, which will affect the local geochemistry, and in turn the type of NORM that could be 
discovered. Most sites have not been fully analysed for NORM. The sites discussed in this 
section are all in production and of the conventional type apart from Preese Hall Farm at 
Elswick, which is an exploratory site for unconventional production. 
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Table 6: Principal source, reservoir and cap rocks onshore UK93 
Province Source Reservoir Cap 
Wessex-Channel Basin Jurassic: Lias, Oxford 
Clay and Kimmeridge 
Clay 
Triassic: Sherwood 
Sandstone.  
Jurassic: Bridport 
Sands and Great Oolite 
Triassic: Mercia 
Mudstone Group. 
Jurassic: thick unit of 
Kimmeridge Clay 
Weald Basin Jurassic: Lias, Oxford 
Clay and Kimmeridge 
Clay 
Jurassic: Great Oolite, 
Corallian limestone, 
Purbeck limestone / 
sandstone and Portland 
Beds. 
Cretaceous: Wealden 
Beds 
Jurassic: thick 
Kimmeridgian shales 
or Oxford Clay. 
Cretaceous: Purbeck 
anhydrite. 
East Midlands Carboniferous: 
Dinantian shales and 
limestones and 
Namurian shales 
(Lower Bowland 
Shales) 
Carboniferous: 
Westphalian Coal 
Measures, Dinantian 
limestone and 
Namurian Millstone 
Grit 
Carboniferous: 
Namurian argillaceous 
sediments 
Cleveland Basin (NE) Carboniferous: 
mudstones and coals 
Permian: limestone / 
sandstone. 
Carboniferous: 
Namurian sandstones 
- 
Cheshire Basin 
(NW) 
Carboniferous: 
Namurian Holywell 
shales and 
Westphalian Cannel 
Coals / Oil shales 
(Bowland Shale) 
Carboniferous: 
Westphalian / 
Namurian / Dinantian 
sandstones 
Permian: Collyhurst 
Sandstone. 
Triassic: Sherwood 
Sandstone. 
Carboniferous: Etruria 
Formation (shales) 
Permian: Manchester 
Marl (mudstone and 
halite) 
Triassic: Mercia 
Mudstone Group 
(mudstone and halite) 
 
West Lancashire Basin Carboniferous: 
Namurian Holywell 
shales. 
Carboniferous: 
Westphalian / 
Namurian / 
sandstones. 
Permian: Collyhurst 
Sandstone. 
Triassic: Tarporley 
Siltstone Formation 
and Pleistocene 
Shirdley Hill 
sandstones. 
Triassic: Mercia 
Mudstone Group 
(mudstone and halite), 
Pleistocene boulder 
clay and Holocene 
peat. 
 
Midland Valley 
Scotland 
Carboniferous: 
Dinantian Calciferous 
Sandstone Measures 
and Dinantian / 
Westphalian coals. 
Carboniferous: 
Dinantian sandstones 
 
Carboniferous: shales 
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The principal hydrocarbon producing basins in Southern England are the Wessex-Channel and 
the Weald. The Wessex-Channel basin is home to the largest onshore oil production site in 
Europe, Wytch Farm. The total production at Wytch Farm dwarfs that of any other onshore site 
in the UK (~80,000 m3 / month, November 2014 - October 2015). Kimmeridge and Wareham 
also produce oil in this region, but to a much smaller degree (both < 1000 m3 / month, 
November 2014 - October 2015)94. The Weald Basin contains a number of small oil producing 
sites. Singleton is currently producing at the highest rate (~2500 m3 / month, November 2014 - 
October 2015), with other big producers including Stockbridge and Humbly Grove. 
Moving north through England, there are numerous oil production sites in the East Midlands, 
all located around Welton Gathering Centre. The largest oil-producing site in the area is Welton 
(~3000 m3 / month, November 2014 - October 2015). Duke's Wood at Eakring was the first 
onshore production site in the UK, dating from the early 1900s. Recently it has been 
redeveloped and started producing again in 2012, but did not produce in the period of 
November 2014 - October 2015. The East Midlands is also home to Britain's largest onshore 
conventional gas field at Saltfleetby (~5000 ksm3 / month, November 2014 - October 2015)94. 
In North East England, the Cleveland Basin is home only to gas fields, around 5 of which are 
said to be in production according to DECC, although some did not produce in the period 
November 2014 - October 2015. Sites include Pickering  (~4000 ksm3 / month, November 2014 
- October 2015) and Kirby Misperton (~200 ksm3 / month, November 2014 - October 2015)94. 
The North West is home to Preese Hall Farm near Elswick, which is the only site in the UK 
that has been fracked for shale gas. However this site has yet to produce any shale gas. There 
are no conventional or unconventional oil and gas sites currently producing in Midland Valley 
Scotland. 
 
1.5.2 Known NORM issues 
 
Very little characterisation work has been carried out onshore in the UK with the exception of 
Wytch Farm in Dorset38. The extent or even the existence of NORM at other onshore wells in 
the UK is not known. Given the potential for future exploitation of the UK's reserves of shale 
gas through techniques such as fracking, the scope for NORM arising onshore in the UK needs 
to be better understood. Further characterisation of oil and gas NORM from additional UK 
onshore sites is a principal focus of this project. 
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Lead-210 was found to be the predominant radionuclide in NORM scales at Wytch Farm in the 
Wessex-Channel basin of southern England38. Radium is not currently a problem with solid 
NORM wastes at Wytch Farm as the formation water contains high sulphate concentrations and 
is believed to be saturated with respect to barite. Any addition of Ra to the formation water 
from dissolution of U- or Th-containing minerals should result in Ra coprecipitating with barite 
and remaining in the reservoir. Therefore, Ra cannot migrate to the surface and precipitate 
within production equipment. Geochemical modelling conducted by Worden et al.38 suggests 
that waters in the local Triassic reservoirs are undersaturated with respect to the more soluble 
anglesite (PbSO4), thus allowing 210Pb to remain in solution. Lead-210, derived from decay of 
radon gas, can then become concentrated in production equipment by plating onto pumps, pipes 
and topside fluid separation facilities. 
To date, only one site has been fracked for shale gas onshore in the UK; Preese Hall Farm in 
the North West’s Bowland Shale.  The number of wells planned for the North West cannot be 
officially clarified yet. So far, only wells at the Preese Hall site have been drilled within the 
Bowland Shale, with the low end estimate for flowback fluid volume for one well being 1232 
m3 and the high estimate being 6627 m3 95. The Environment Agency’s initial analysis of the 
flowback fluid from the Preese Hall well has recorded the presence of 226Ra with concentrations 
from 14 up to 90 Bq/dm3 43. 
Although this project will not be focusing on offshore oil and gas production sites, a short 
summary of NORM issues in the UK’s North Sea production areas is given here for 
comparison. There will be some geological discussion here, as the main section on geology 
(Section 1.5.1) only discussed onshore areas of the UK. Since the 1970s, elevated levels of 
210Pb/210Po have been detected on onshore terminals of the UK’s southern North Sea gas 
fields78 and 226Ra scale deposits have been found in several mature North Sea oil fields4,96. The 
residues removed from contaminated equipment in the North Sea fall into two main categories: 
northern North Sea and southern North Sea. Contamination found in the central North Sea is a 
mixture of the characteristics of both the north and the south. 
 
The potential for NORM problems involving Ra scale from northern North Sea oil fields is 
greater than that in the southern gas fields due to a different geological setting. The northern 
North Sea oil field region contains dark grey/black Jurassic Kimmeridgian shale, known as ‘hot 
shales’ due to their natural radioactivity. This feature is strongly developed above the 
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‘Kimmeridgian unconformity’, which brings the shales into contact with all oil-containing 
formations from the Permian Zechstein to the Upper Jurassic. Oil field brines also come into 
contact with the ‘hot shales’, dissolving 226Ra and therefore supplying 222Rn to the oil 
reservoir4. Unpublished data from more than 50 operators31 indicated mean activities of 20 
Bq/g 226Ra and 10 Bq/g 228Ra, though the range was substantial. The relative proportions of the 
two Ra isotopes depend on the hydrocarbon geology at the particular site. 
 
Southern North Sea natural gas is found in the pores of Lower Permian Rotliegende sandstone, 
which are sealed by Zechstein salt deposits and lie unconformably over Carboniferous coal 
measures. The angular nature of this unconformity causes coals and shale to come into contact 
with the brines that occupy the pore spaces in the Permian sandstone. The brines can then 
dissolve the radionuclides contained in uranium nodules in the marine shales, leading to 
enhanced concentrations of NORM appearing in production equipment4. In the southern North 
Sea scales generally consist of thinner and less persistent deposits of metallic lead containing 
radioactive 210Pb with some activities in the kBq/g region31. 
 
1.5.3 NORM waste management 
 
1.5.3.1 Waste disposal 
 
At present, the vast majority of the NORM arising in the UK’s offshore oil and gas industry is 
disposed of at source97. Whether or not this practice is allowed to continue, marine disposal is 
not available to onshore production facilities and so other solutions will have to be devised31. 
Table 7 gives an idea of the quantity of NORM wastes generated in the UK’s oil and gas 
industry, both off and onshore. Of the 800 tonnes of NORM waste generated by the offshore oil 
and gas industry each year, a significant proportion is currently disposed of directly to sea. The 
average quantity of NORM waste sent for management onshore in the period 2007-2011 was 
around 160 tonnes per year, containing 4.2 GBq of 226Ra 98. 
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Table 7: DECC estimates of NORM waste produced by oil and gas in the UK98 
Sector No. of 
facilities 
Description 
of waste 
Quantity 
per year 
Main 
radionuclides 
present 
Main 
disposal 
methods 
Offshore > 100 
operational 
installations 
Solid: scales, 
sludges 
~ 800 
tonnes 
 
226Ra, 228Ra, 210 
Pb, 210 Po 
Direct to 
sea, burial 
or 
incineration 
Liquid: 
mainly 
produced 
water 
~ 200 
million m3 
226Ra, 228Ra Direct to sea 
or 
reinjection 
Onshore 29 oil fields, 7 
gas fields 
Solid: scales, 
sludges 
Up to 20 
tonnes 
226Ra, 228Ra, 210 
Pb, 210 Po 
Burial or 
incineration 
Liquid: 
mainly 
produced 
water 
~ 12 
million m3 
226Ra, 228Ra Reinjection 
 
Most NORM waste from onshore facilities and a quantity that makes its way onshore from 
offshore facilities is disposed of as exempt radioactive waste in landfills that are permitted to 
accept controlled wastes. The exemption regime allows disposal of exempt waste along with 
non-radioactive wastes, or transfer to an operator who has the appropriate permit to treat or 
dispose of this waste. 
 
If the market for extracting unconventional gas expands as currently expected, it is likely to 
increase the volume of onshore liquid NORM waste generated. These liquids are typically 
stored on site in tanks or pits before treatment, disposal or recycling. In many cases the waste 
liquid is injected underground for disposal. In areas where that is not an option, it may be 
treated and reused or processed by a wastewater treatment facility and then discharged to 
surface water98. 
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1.5.3.2 Solid waste treatment 
 
As well as abrasive methods, chemical methods are applied and are being developed further for 
downhole scale removal and scale prevention. If scale prevention has failed and the extent of 
scaling interferes with production and/or safety, chemical methods are also applied for removal 
of scale from the production system. The chemicals used are based on mixtures of acids or on 
combinations of acids and complexing agents. Usually, the primary reason for in situ descaling 
is to restore or maintain the production rate rather than to remove radioactive contamination. 
Nevertheless, effective prevention of scaling causes radionuclides mobilised from the reservoir 
to be carried by the produced water through the production system rather than being 
deposited98. 
 
1.5.3.3 Radium removal from flowback fluids and produced waters 
 
There are a number of methods for removing Ra2+ from solution. These include ion exchange99 
(zeolites and resins), reverse osmosis membranes100 and coprecipitation with barite. While 
there are several treatment options for Ra2+ removal, none is as cost-effective in high TDS 
brines as sulphate precipitation101. Investigating barite coprecipitation will be a central focus of 
this project and is discussed at length in Section 1.6.3 and Chapter 4. 
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1.6 Background chemistry 
 
1.6.1 Interaction of ions in solution 
 
The concentration (c) of a particular species (i) in a solution is an unsatisfactory parameter to 
predict its contribution to the bulk properties of that solution. The only exception is at very low 
concentrations (infinite dilution) when ion species do not influence each other electrostatically 
– also known as an ‘ideal’ solution. Debye-Hückel theory was proposed as an explanation for 
departures from ideality in ‘real’ electrolyte solutions. The theory states simply that the activity 
ai is proportional to the concentration and is altered by a factor known as the activity 
coefficient (γi) (Equation 1). This factor takes into account the interaction energy of the ions in 
the solution102. 
 
Equation 1:   ai =  γi . ci   
 
Debye-Hückel theory allows γi values to be rationalised and quantities to be theoretically 
predicted. To calculate values of γi, the ionic strength (IS) must be first be calculated. IS is a 
measure of the total concentration of all ions in a solution. IS is described by Equation 2; ci and 
zi are the molar concentration and the charge of ion i. The sum is taken over all ions in the 
solution. Due to the square of zi, multivalent ions contribute strongly to the ionic strength. 
 
Equation 2:  !" = $% &'%	)' 
 
However, the standard Debye-Hückel equation is only valid up to an IS of 0.005 M. An 
extended version of the Debye-Hückel equation, which takes into account the fact that ions 
have a finite size (not point charges), increases its validity up to an IS of 0.1103. The Davies104 
and B-dot105,106 equations, variants of the Debye-Hückel equation, can be carried to somewhat 
higher IS (< 0.5 M and 0.3 - 1 M respectively), but the range is still somewhat limited. Virial 
equations offer a conceptual alternative to Debye-Hückel methods for accurately calculating 
electrolyte activities at high IS. These semi-empirical equations are sometimes called ‘specific 
ion interaction’ equations and are used in the geochemical modelling, described in Sections 
4.4.3 and 5.4.3, to determine solution characteristics. Specific ion interaction equations take 
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into account ‘interaction coefficients’ between various ions in solution. They are calculated by 
fitting empirical equilibrium constants determined at a number of ionic strengths, at a particular 
temperature and background electrolyte composition107–109. 
 
The total electrolyte concentration in a solution will affect important properties such as the 
dissociation, nucleation rate or the solubility of different salts102. For example, in a solution 
containing Ba2+ and SO42-, increasing the Na+ and Cl- (competing ions) content of this solution 
(increasing the IS) will result in a decrease in barite nucleation rate and therefore increase in 
barite solubility; γi decreases as IS increases. This phenomenon occurs due to the competing 
ions of opposite charges surrounding either Ba2+ or SO42-, making them less likely to ‘see’ each 
other and combine in solution110,111. Barite solubility has a significant effect on Ra solubility 
due to coprecipitation; IS therefore affects Ra solubility. This is discussed further in Section 
1.6.3. 
 
1.6.2 Scale formation and solubility equilibrium 
 
During hydrocarbon production, when the natural pressure of the well decreases, water (often 
seawater) is injected into the reservoir to force more oil to the surface. Mixing of formation 
water and seawater inevitably occurs; these are incompatible waters. Two waters are deemed 
incompatible if they react chemically and precipitate minerals when mixed112. On migration to 
the surface, both physical and chemical changes will result in a change in solute solubility and 
potentially the precipitation of scale. Solubility depends on a number of different factors, such 
as the degree of supersaturation, kinetics, solution pH and composition, CO2 content, 
temperature and pressure113. A discussion of the relevant chemistry (solubility equilibrium and 
supersaturation) is vital to understanding the process of scale formation in the oil and gas 
industry. 
  
When rate of dissolution of a compound is equal to its rate of precipitation, equilibrium is 
reached and the solution is said to be saturated. Supersaturation is a state of a solution that 
contains more of the dissolved material than could be dissolved by the solvent under normal 
circumstances. For example, the mixing of seawater with formation water will undoubtedly 
result in supersaturation of sulphate phases; seawater being high in SO42- and formation water 
having high concentrations of Ca2+, Sr2+ and Ba2+ 114. Some chemical reactions for sulphate and 
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carbonate scale production, prevalent in the oil and gas industry, are shown below (Scheme 1 - 
Scheme 4)115. 
 
BaCl2(aq) + Na2SO4(aq)  => BaSO4(s)  + 2 NaCl(aq) 
Scheme 1: Formation of barite scale115 
 
SrCl2(aq) + Na2SO4(aq)  => SrSO4(s)  + 2 NaCl(aq) 
Scheme 2: Formation of celestite scale115 
 
CaCl2(aq)  + Na2SO4(aq) + 2 H2O(l)  => CaSO4.2H2O(s)  + 2 NaCl(aq) 
Scheme 3: Formation of gypsum scale115 
 
CaCl2(aq)  + 2 NaHCO3(aq)  => CaCO3(s)  + 2 NaCl(aq) + CO2(g) + H2O(l) 
Scheme 4: Formation of calcite scale115 
 
The formation of scale follows three steps115: 
 
1. Supersaturation or a shift in chemical equilibrium causes ions of the above molecules to 
come together (e.g. Ba2+ and SO42- in Scheme 1). 
2. These molecules collect, forming microcrystalline nuclei that combine to form clusters, 
which precipitate on reaching a specific size. 
3. These precipitates must then adhere at nucleation sites on surfaces to form scale.  
 
Solubility equilibrium is a type of dynamic equilibrium. It exists when a chemical compound in 
its solid state is in chemical equilibrium with a solution of that compound. The solid may 
dissolve unchanged, with dissociation or with chemical reaction with another constituent of the 
solvent. Each type of equilibrium is characterised by a temperature-dependent equilibrium 
constant; in this case it is the solubility product, Ksp. The Ksp represents the level at which the 
solute dissolves in solution. The more soluble a substance, the higher the Ksp value it has. A 
calculation for the solubility of barite in pure water at 25 oC is shown below (Ksp = 10-9.99)91,102. 
 
BaSO4(s)  Ba2+(aq) + SO42-(aq) 
Scheme 5: Dissolution of barium sulphate 
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The solubility product is given by the concentrations of products over reactants.  
 
Equation 3:  Ksp = [Ba2+] [SO42-] / [BaSO4] 
 
As the barium sulphate is a pure solid then [BaSO4] = 1. 
 
Equation 4:  Ksp = [Ba2+] [SO42-] 
 
Since the molar ratio of BaSO4 for Ba2+ and SO42- is 1:1, the solubility of each of the ions is 
equal to the solubility of BaSO4. 
 
[Ba2+]  =  [SO42-] = [BaSO4] 
 
∴ 10-9.99 = [BaSO4]2 
 
[BaSO4]  = 1 × 10-5 mol/dm3 
 
(1 × 10-5 mol/dm3) × (233.43 g/mol) = 2.36 × 10-3 g/dm3 
 
This highlights just how insoluble barite is in water and as a result readily precipitates in oil 
and gas production equipment. As already stated the Ksp is temperature dependent; a decrease 
in temperature will decrease the solubility of a compound. For condensed phases (solids and 
liquids), the pressure dependence of solubility is typically weak and usually neglected in 
practice. However for the case of hydrocarbon production, the solubility of barite (and other 
sulphate phases) will generally decrease toward the surface114. 
 
1.6.3 Coprecipitation of radium 
 
Even where 238U and 232Th are strongly enriched, Ra isotopes will have extremely low molar 
concentration; precipitation of pure Ra phases rarely occurs. Removal of Ra2+ from solution 
usually occurs via coprecipitation in which Ra2+ forms a solid solution. Due to their similarity 
of atomic radius, Ra is chemically most similar to Ba, and thus most readily coprecipitates in a 
binary system with barite. Barium is typically present in natural waters and groundwaters in 
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molar concentrations eight orders of magnitude greater than those of Ra2+ 116,117. In the presence 
of enough sulphate to achieve barite supersaturation, barite will incorporate Ra2+ into the 
Bax_1RaxSO4 solid solution. Ra2+ will also coprecipitate with celestite91 to a lesser degree and 
with calcium sulphate, gypsum118 and calcite (CaCO3)119 to an even lesser degree due to 
increasing size mismatch between Ra2+ and the carrier cation (Table 8). When a tertiary system 
is considered, (Ba,Sr,Ra)SO4, a number of studies91,120 have shown that the presence of Sr2+ 
suppresses the uptake of Ra2+ into the crystal lattice. Since there is a much larger volumetric 
mismatch between Ra2+ and Sr2+ than between Ra2+ and Ba2+ (Table 8), the presence of Sr2+ 
within the crystal lattice applies constraints and makes it more difficult for Ra2+ to fit into a 
lattice site. 
 
Table 8: Alkaline earth metal atomic and ionic radius121 
Alkaline earth Atomic radius (pm) Ionic radius, M2+ (pm) 
Calcium 197 99 
Strontium 215 112 
Barium 222 134 
Radium 223 143 
 
Coprecipitation is a broad term used to explain the phenomenon where a soluble substance is 
included in a carrier precipitate. It includes three distinct mechanisms (Figure 13)122: 
1. Inclusion (lattice replacement): a tracer (Ra2+) occupies a lattice site in the carrier 
mineral (barite/celestite), resulting in a crystallographic defect due to the tracer being in 
place of a main cation. 
2. Adsorption: the tracer is weakly bound at the surface of the precipitate. 
3. Occlusion: when a tracer is physically trapped inside the crystal during crystal growth, 
which can be explained by entrapment of solution or by adsorption of tracer during 
crystal growth. 
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Figure 13: Three mechanisms of Ra coprecipitation in a ternary solution with 
(Ra,Ba,Sr)SO491 
 
 
The sulphate-based coprecipitation of 226Ra2+ in a binary system with Ba2+ has been previously 
examined in numerous studies, originally by Doerner and Hoskins in 192559,123,124. Most 
recently, a study conducted by Zhang et al.91 investigated the relationship between IS (ionic 
strength) and 226Ra2+ recovery by barite coprecipitation. The experiments were conducted so 
that at each studied IS, a range of Ba2+ removal quantities (10, 25, 50, 75 and 100 %) were 
examined. This resulted in more SO42- being needed to remove the required percentage of Ba2+ 
at higher IS than at lower IS. A constant Ba2+ removal meant that IS was the only variable and 
any difference in outcome was a consequence of IS rather than the saturation of barite. Zhang 
et al. used solutions containing an initial Ba2+ concentration of 5 mmol/dm3 and concluded that 
an increase in IS increased 226Ra2+ uptake. 
 
One hypothesis for this observation is that the rate of nucleation is key91. Electrolyte activity 
decreases with an increase in IS, which reduces supersaturation. Zhang et al.91 state that under 
the conditions of their experiments, if nucleation of barite follows homogeneous nucleation 
theory with diffusion controlled growth* (as shown by Putnis et al. and other studies125–127), a 
decrease in supersaturation leads to a sharp decrease in nucleation rate and a decrease in crystal 
growth rate128,129. This reduction in the rate of precipitation would enhance incorporation of 
Ra2+ into barite because it would allow more time for inclusion (lattice replacement) reactions 
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during crystal growth. Rapid precipitation inhibits inclusion (lattice replacement) and occlusion 
as they only occur during nucleation and crystal growth of barite91. In addition an increase in IS 
would decrease the crystal-solution interfacial tension, increase etch density, and compress the 
electric double layer, which increases the probability of the Ra2+ reaction with the barite 
lattice128–130. 
 
The implications of IS effects on Ra-containing NORM in the oil and gas industry are 2-fold. 
Firstly, the influence of IS on the coprecipitation process will have a significant effect on the 
total inventory of Ra2+ found in flowback fluids and produced water as well as in solid NORM 
scales and sludges. Secondly, the effectiveness of any clean-up procedures utilising barite 
coprecipitation to remove Ra2+ from solution will be influenced by IS. 
 
* Diffusion-controlled growth refers to a crystal growth rate that is dependent on the transport of ions A and B 
through the solution by convection and diffusion. 
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1.7 Interim summary and restatement of objectives 
 
Much work has already been carried out in the characterisation of NORM deposits at global oil 
and gas sites, but this is clearly lacking onshore in the UK. This study aims to better understand 
the NORM issues in the UK’s oil and gas industry by establishing the presence and extent of 
radioactive contamination at a number of onshore oil and gas-field sites (Chapter 3). Results 
gleaned from NORM characterisation and also the analysis of groundwater in prospective shale 
gas regions can help to identify whether the exploitation of the UK shale gas reserves could 
present an issue for the future management of NORM (Chapters 3 and 5). 
 
The volume of aqueous NORM waste in the form of flowback fluid could dramatically increase 
should fracking become prevalent in the UK; the flowback fluid is likely to be radium-
containing. Barite coprecipitation is already known to be a useful method of removing radium 
from solution. This study aims to optimise the procedure and thus develop a cost-effective 
means of minimising the future environmental impact of radium-containing flowback fluid 
(Chapter 4). 
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2. Analytical techniques 
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This chapter will first discuss in detail the mechanisms and scientific theory behind methods 
that are commonly used to measure radioactivity and that are used throughout this study. 
Gamma spectrometry, alpha spectrometry and liquid scintillation counting all measure the 
concentration of radionuclides by counting the emissions of radiation, be it α, β or γ activity. 
Autoradiography, not designed as a measurement technique, is used to trace and identify 
radioactive mineral phases within a sample. In this project all four of these methods have been 
used to measure or image the isotope 226Ra in a variety of different samples. The second part of 
this chapter will discuss in detail inductively coupled plasma with mass spectrometry (ICP-
MS), which measures the number of atoms of each element, and with optical emission 
spectroscopy (ICP-OES), which is a photometric technique. Both can be used to quantify 
radionuclides in a liquid sample. Concentrations of 238U and 232Th at the µg/kg level have been 
quantified by ICP-MS in this study. All methods have their advantages depending on the 
radionuclide to be measured and how much of it is present in the sample. Other analytical 
techniques used in this project to characterise mineralogy, bulk composition, surface 
topography and crystal form are briefly described at the end of the chapter. 
 
2.1 Measuring and imaging radioactivity 
 
2.1.1 Gamma spectrometry 
 
The main advantage of gamma spectrometry (over alpha spectrometry and liquid scintillation 
counting) is that it can be used to quantify a larger range of radionuclides in an unknown 
sample. Separation of gamma emitting radionuclides is seldom required due to excellent peak 
resolution across the spectrum; tens of radionuclides can be quantified simultaneously. 
However, it can only quantify radionuclides that have a measurable gamma emission. Each 
measurable radionuclide emits one or more characteristic gamma rays, which can be detected 
over a period of time and converted to raw counts. Using computer modelled efficiency 
calibrations these counts can be converted to activity in Bq.  
 
Although the discussion will be centred on gamma radiation, it should be noted that gamma 
radiation is electromagnetic in nature, as are X-rays, and that to a detector they are 
indistinguishable. Gamma energies range from a few keV up to several MeV. All material in 
this section was adapted from ‘Practical Gamma-ray Spectrometry’ by Gordon Gilmore3. 
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2.1.1.1 Interaction of gamma radiation with matter 
 
As γ-rays are uncharged their detection depends on the transfer of their energy to electrons 
within a detector material. Electrons become excited by the γ-rays and lose their energy either 
by ionisation or excitation of the atoms in the detector medium, giving rise to many electron-
hole pairs. The energy of the electrons produced by the primary interaction is proportional to 
the number of electron-hole pairs collected by the detector. There are three important 
mechanisms when considering the interaction of gamma radiation with matter: 1) the 
photoelectric effect (dominant at low energy), 2) Compton scattering (mostly important in the 
mid-energy range) and 3) pair production (only occurs at high energy).   
 
1) The photoelectric effect: photoelectric absorption arises by interaction of the γ-ray photon 
with one of the bound electrons within an atom. All of the γ-ray’s energy is imparted to the 
electron, which is then ejected from its shell with kinetic energy Ee, given by Equation 5. 
 
Equation 5:    Ee = Eγ - Eb 
 
Eγ is the energy of the γ-ray and Eb is the energy that was binding the electron to its shell. Eb is 
also the excess energy of the now excited atom, which returns to equilibrium by one of two 
ways:  
i. Redistribution of the excitation energy resulting in the release of further electrons 
(Auger cascade), which transfers a further fraction of the γ-ray energy to the detector 
ii. Alternatively the electron hole could be filled by an electron from a higher energy shell 
resulting in the emission of a characteristic X-ray that would then undergo further 
photoelectric absorption, potentially emitting further X-rays, which are absorbed until 
all of the γ-ray energy has been absorbed. 
The photoelectric effect results in the full energy or ‘photo’ peak, which is used to quantify that 
particular radionuclide. 
 
2) Compton scattering: when only a portion of the γ-ray energy is transferred to an electron, an 
electron-hole pair is produced while a less energetic γ-ray continues in an alternate direction, 
which if not absorbed by the detector medium, will not be detected. Equation 6 gives the 
energy imparted to the recoil electron Ee, where Eγ′ is the scattered γ-ray energy. 
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Equation 6:     Ee = Eγ – E′γ 
The amount of energy deposited in the detector depends on the scattering angle of the gamma 
photon, leading to a spectrum of energies each corresponding to a different scattering angle (the 
Compton continuum). The highest energy that can be deposited, corresponding to full 
backscatter, is called the Compton edge.  
 
3) Pair production: a γ-ray passing through an atom in the Coulomb field of the nucleus may 
undergo a conversion into an electron-positron pair. Using the formula to convert energy into 
mass (E = mc2), the resting mass of an electron or positron will equal 511 keV. Therefore, 
gamma photons of greater than 1022 keV are required for pair production. Any excess energy 
above 1022 keV will be imparted on to the particles as kinetic energy. The net energy absorbed 
within the detector by the immediate consequence of pair production is given by Equation 7 
(energies in keV).  
 
Equation 7:    Ee = Eγ – 1022 
After a pair production event the electron will interact with the surrounding atoms producing 
secondary ionisation. The positron is unstable and will soon find an electron to annihilate; 
consequently, two 511 keV γ-rays are released in opposite directions and only one can move to 
the detector if the annihilation happens outside the detector. Therefore, we see the annihilation 
peak at the energy of 511 keV. If the γ-ray enters the detector and annihilation occurs inside the 
detector, we have three cases that need to be considered: 
1. Both 511 keV γ-rays interact with the detector and together with the kinetic energies of 
the electron and the positron (before annihilation), we get a ‘photo’ peak 
2. A peak appears at full energy minus 511 keV where one 511 keV γ-ray escapes the 
detector 
3. A peak appears at full energy minus 1022 keV where both 511 keV γ-rays escape the 
detector. 
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2.1.1.2 High-purity germanium (HPGe) semiconductor detectors 
 
Although other types of detector are available, this discussion will be centred on HPGe 
semiconductor detectors, as that is the type used in this project. A detector material must have 
an adequate absorption coefficient (increases with atomic weight) for gamma radiation so that 
there is a reasonable probability of complete absorption within a detector of an achievable size. 
Having absorbed the γ-ray and created many charged species (electron-hole pairs), the detector 
material must allow the charge to be collected in some manner and presented as an electrical 
signal. This can be done by supplying an electrical field across the detector to ‘sweep’ the 
charge carriers out of the detector. Therefore, the detector material must have suitable electrical 
characteristics. 
 
Germanium is a semiconducting metal and is by far the most common γ-ray detector material. 
It has an atomic number of 32 and has 4 valence electrons in its outermost shell, which gives it 
the ability to lose and gain electrons equally at the same time. It has a higher atomic weight 
than other semiconductors like silicon, which makes it more practical for the detection of 
higher energy γ-rays. It has good electron and hole mobility and is available in high purity as 
near perfect single crystals. 
 
Band theory describes how a semiconductor works and how it differs from insulators and 
metals (Figure 14). This will illustrate why it is necessary for the detector to be a 
semiconductor and why that semiconductor must be cooled. 
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Figure 14: Band theory for metals, insulators and semiconductors. 
 
 
Electrons are disposed in precisely determined energy levels in a free atom. Combining a 
collection of atoms together in a solid structure broadens those energy levels into energy bands, 
each of which can contain a fixed number of electrons. The highest occupied energy band is 
called the valence band. In order for an electron to migrate within a material it must be able to 
be excited from the valence to the conduction band. If electrons can jump into the conduction 
band, an external electric field will cause current to flow. 
 
In an insulator, the valence band is full and is separated from the conduction band by a band 
gap or forbidden region, the size of which is in the order of 10 eV (much greater than can be 
surmounted by thermal excitation). Electrons are therefore immobile and the material is unable 
to pass an electrical current. In a metal, the valence band is not full and the conduction band is 
in effect continuous with the valence band. Thermal excitation ensures that the conduction band 
is always populated to some extent, and current will flow when an electrical field, however 
small, is imposed. A semiconductor is similar to an insulator, except the band gap is much 
smaller, around 1 eV (the band gap of Ge is 0.67 eV) similar to the energies achievable by 
thermal excitation. Under normal conditions there will always be a small proportion of the 
available electrons in the conduction band, giving a limited degree of conductivity. 
 
At greater temperatures the probability that an electron will be promoted to the conduction 
band is increased. Cooling the material will reduce the number of electrons in the conduction 
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band, thereby reducing the background current, making it much easier to detect extra excitation 
due to γ-ray interactions. An HPGe detector must be operated at a very low temperature (77 K). 
 
2.1.1.3 System schematic and electronics 
 
Figure 15 shows a schematic for the processes that occur during gamma spectrometry using a 
semiconductor detector. After the detector, the processing involves a preamplifier, an amplifier 
and a multichannel analyser (MCA) to produce a spectrum. 
 
Figure 15: Schematic for gamma spectrometry using a semiconductor detector 
 
 
The charge created within the detector by interaction with gamma radiation is collected by the 
preamplifier. Its function is to interface the detector to the amplifier; it provides a high 
impedance load for the detector and a low impedance load for the amplifier. The very sharply 
peaked pulses emanating from the preamplifier are not suitable for direct measurement of peak 
height. The amplifier’s primary function is electronic filtering or ‘shaping’ of the peaks, so that 
an accurate measurement of peak height can be achieved. The output from the amplifier is a 
stream of shaped and conditioned pulses, random in height and random in spacing. The purpose 
of the MCA is to measure the height of each of these pulses and count the numbers occurring 
within small voltage ranges. Because the height of each pulse is proportional to the amount of 
energy absorbed in the detector, the resulting list of numbers of counts is the γ-ray spectrum. 
 
2.1.2 Alpha spectrometry 
 
As noted in Section 1.2.3.2, α-particles are mono-energetic, so it is possible to measure the 
characteristic α-particles and determine the concentration of α-emitting radionuclides in a 
sample. Common detectors used in α spectrometry are the silicon surface barrier (SSB) detector 
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or passivated implanted planar silicon (PIPS) detector, both of which are silicon-based 
semiconductors. Due to the high ionisation capability of an α-particle and, therefore, their short 
free path length in air, the detector and source must be housed within a vacuum chamber. This 
also excludes any light from entering the detector that would lead to an increase in background 
noise. As an α-particle collides with the detector it is stopped in the depletion zone and, like the 
HPGe detector used in gamma spectrometry, this produces electron-hole pairs, the number of 
which is directly proportional to the energy of the particle. An electric field sweeps the 
electrons to the positive terminal and the positively charged holes to the negative terminal, and 
the resulting charge is integrated using a charge sensitive pre-amplifier. The voltage produced 
is then passed through an amplifier and onto a MCA, which produces the α spectrum. The 
schematic for an α spectrometer is much the same as the one seen in Figure 15. 
 
In α spectrometry some form of chemical preparation (e.g. concentration, separation and 
mounting), which is often complex, is required prior to counting. All sample preparations are 
designed firstly to remove as many impurities from the sample as possible and secondly to 
convert it into a form, usually an acidified liquid, suitable for subsequent chemical procedures. 
For example, water samples usually undergo a coprecipitation technique which 
preconcentrates  the α-emitting actinides (e.g. Th, U, Np, Pu and Am). One of the main 
disadvantages of α spectrometry is that even the best α detectors available today can only 
resolve peaks greater than 17 keV apart, under ideal counting conditions. For this reason 
samples containing a mixture of radionuclides, which have similar α energies, may need to be 
chemically separated. 
 
Because of their limited range, α-particles are completely stopped by the dead layer of skin on 
our bodies or a single sheet of paper; even air can stop them. In order to allow the radionuclides 
in the sample to be uniformly distributed and be in close proximity to the detector the sample 
must be mounted, prior to counting. A common method is the electrodeposition of the sample 
onto polished stainless steel discs. Careful preliminary sample preparation can produce a thin, 
uniform, durable electrodeposit resulting in high analyte recovery with excellent energy peak 
resolution. Its greatest disadvantage is the time required for each sample; one or more hours. 
Since a platinum anode must be used, it is also costly for most laboratories. Another method is 
microprecipitation of the radionuclide (e.g. coprecipitation of Ra with barite) onto a thin 
membrane filter, which has a homogeneous pore size distribution so as to achieve a uniform 
deposition of the precipitate and result in good peak resolution. This method has proved to be 
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quick, inexpensive and reproducible and has been used in this project to quantify 226Ra. The 
principal advantage is that much lower concentrations of 226Ra (and other radionuclides) can be 
measured than with gamma spectrometry. Only 5.95 % of each 226Ra disintegration results in a 
γ-ray, whereas an α-particle is emitted 100 % of the time. 
 
Due to the limitations associated with any chemical process, a means of quantifying analyte 
losses is required. This is achieved by introducing a known concentration of a radioisotope of 
the analyte into the sample to be analysed. This ‘tracer’ (e.g. 223Ra, when the analyte is 226Ra) is 
used to quantify the chemical losses incurred by the analyte during sample preparation. Being 
an isotope of the analyte, the tracer exhibits precisely the same chemical characteristics as the 
analyte5,131–133. 
 
2.1.3 Liquid scintillation counting 
 
Liquid scintillation techniques allow counting (detection and quantification) of α and β 
radiation. The radioactive sample is incorporated into a liquid medium or ‘cocktail’, containing 
a solvent (an aromatic organic), typically some form of surfactant and additives known as 
‘phosphors’ or scintillators. These scintillators can be divided into primary and secondary 
phosphors, differing in their luminescence properties. The process begins with the π-cloud, 
created by the aromatic solvent molecules, absorbing the energy from the α- or β-particle and 
passing this energy between one another until eventually the energy passes to a primary 
phosphor. The primary phosphor then emits this transferred energy as a photon of light. The 
light emission may not be at a wavelength that allows efficient detection, so it is the job of the 
secondary phosphor to absorb the fluorescence energy from the primary phosphor and re-emit 
it at a longer wavelength. 
 
The photons are counted by two or more photomultiplier tubes (PMTs), positioned opposite 
each other, which are connected by a coincidence circuit. When a flash of light is emitted from 
the solution isotropically, both PMTs will count this event and the coincidence unit will record 
this by sending a single signal to the MCA. Background noise is therefore greatly reduced, as 
the probability of both PMTs recording a stray photon is significantly low; only genuine light 
pulses, reaching both PMTs, are counted. See Figure 16 for LSC schematic. 
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Figure 16: Schematic for a liquid scintillation counter 
 
 
The introduction of the sample into the scintillator medium often reduces the light output 
considerably. This effect is called ‘quenching’ and depends on phenomena such as chemical 
reactions that absorb some of the deposited energy (chemical quenching) and changes in optical 
properties (colour quenching). This reduction in light reduces the efficiency, especially at low β 
energies. The high amount of energy deposited by α-particles reduces its sensitivity to 
quenching. If necessary, quenching can be corrected for by using an internal or external 
standard. 
 
LSC techniques are usually more accurate and reproducible and are often easier than other 
methods. Because the radionuclides are in a homogeneous solution of an appropriate organic 
scintillator, there is no risk of sample self-absorption and the counting efficiency for α radiation 
is nearly 100%. β counting efficiency varies widely (30 - 100 %) depending on the β energy 
(lower energy = less efficiency). The sample preparation for liquid scintillation counting is also 
much simpler and more rapid than other methods, especially α spectrometry. 
 
LSC is effective at measuring the activity in samples where the specific radionuclide is known 
and is not mixed with other α- and β-emitting radionuclides. Since the spectrum of energies 
produced by β-particles is continuous, β-emitters can only usually be measured after they have 
been separated from other β-emitters. LSC allows two β-emitters to be measured at the same 
time, but only if their β energies are sufficiently different. The resolution of LSC when used to 
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measure α-emissions is also very poor (5 – 10 %) and is generally only suitable for measuring 
total α activity5,134,135. 
 
2.1.4 Autoradiography 
 
This photographic technique was originally used in biomedical science for imaging of 
radiolabelled proteins and remains in frequent use136. It has also found application in the 
geosciences field to trace and identify radioactive mineral phases in rock samples137,138. Areas 
of high radioactivity or  ‘hot spots’ can easily be located. 
 
The photographic plates used in this process comprise a backing coated with a layer of 
phosphor crystals embedded in an organic polymer binder which is sealed with a thin protective 
layer against humidity and mechanical wear. The photostimulable phosphor is a barium 
fluorohalide activated (doped) with divalent europium ions (BaFBr:Eu2+)139. The radioactive 
sample material is placed directly onto a photographic plate for a time largely determined by 
trial and error. The image plate absorbs radiation emitted from the sample, causing Eu2+ to 
oxidise to Eu3+ and the liberated electron can subsequently be trapped at a Br or F vacancy. 
This results in a density pattern of filled electron traps, corresponding and proportional to the 
distribution and intensity of radiation emitted by the sample140. 
 
The plate is developed using a scanning laser-beam in the red part of the spectrum to excite the 
trapped electrons and allow relaxation to the ground state in turn generating the emission of 
390 nm blue light (in the case of BaFBr:Eu2+). The stimulated as well as the incident light is 
collected by a light guide, routed through a filter to block the red parts of the spectrum and then 
funnelled into a high-sensitivity photomultiplier tube. The signal is amplified, filtered to reduce 
signal noise and digitised into a greyscale image which can be can be manipulated and 
colourised141. 
 
 
 
 
 
 60 
2.2 Chemical composition and mineralogy 
 
2.2.1 Inductively coupled plasma with mass spectrometry and with optical emission 
spectroscopy 
 
ICP-MS is a type of mass spectrometry that is capable of detecting metals and several non-
metals at concentrations as low as one part in 1012 (part per trillion). This is achieved by 
ionising the sample with inductively coupled plasma and then using a mass spectrometer to 
separate and quantify those ions. The main advantage of ICP-MS is that it can be used to 
measure multiple elements, at a wide range of concentrations (sub-ppt to high ppm), 
simultaneously in the same run142. ICP-OES is very useful for measuring concentrations at part 
per million level, but instead measures the wavelength of characteristic electromagnetic 
radiation emitted by the species142. ICP-OES is cheaper and method development is 
significantly easier than ICP-MS.  
 
2.2.1.1 Inductively coupled plasma 
 
Plasma is defined as ‘ionised gas that is electronically neutral’. The noble gas argon is 
commonly used to produce the plasma due to its high ionisation energy (15.76 eV) and 
chemical inertness.  It has the capability to excite and ionise most of the elements of the 
periodic table without forming compounds with the analytes being introduced into the system. 
The basic components that are used to generate the argon plasma (the ion source) are a plasma 
torch, a radio frequency (RF) coil and a RF power supply (Figure 17). The sample introduction 
system is composed of a nebulizer and spray chamber (not shown) that provides the means of 
getting samples into the instrument142. 
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Figure 17: Plasma torch / RF coil143 
 
 
The torch itself consists of 3 concentric tubes (usually made from quartz glass). Argon passes 
through the outer tube, an auxiliary gas passes through the middle, and finally a nebulizer gas 
carrying the sample as an aerosol of fine droplets passes though the sample injector143. The 
sample aerosol produces a high velocity jet of gas that punches a cooler hole through the centre 
of the plasma, termed the central or axial channel.  The plasma torch is positioned centrally in 
the RF coil, approximately 10-20 mm from the interface143,144.  Energy supplied to the coil by 
the RF generator couples with the argon to produce the plasma by this process: 
 
1. When argon flows through the torch a high-voltage spark is applied to the gas, which 
causes some electrons to be stripped from their argon atoms. 
2. Within the magnetic field these electrons are accelerated and collide with other argon 
atoms, removing additional electrons.  This induces a chain reaction, breaking down the 
gas into argon ions and electrons to form what is known as inductively coupled plasma 
discharge. 
3. This discharge is sustained within the torch as RF energy is continually transferred to it 
through the inductive coupling process. 
 
Following this, the sample aerosol is then introduced into the plasma through the sample 
injector143. In the 6000 oC heat of the plasma the elements to be determined are dried to a solid 
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and then heated to a gas. As the atoms pass through the plasma they absorb more energy and 
eventually release an electron, creating singly charged ions that exit at the interface region.142  
 
2.2.1.2 Mass spectrometry following ICP 
 
The interface allows the plasma generating system, operating at atmospheric pressure, and the 
following quadrupole mass filter, operating at very low pressure, to coexist. The interface 
consists of two or three inverted funnel-like devices called cones (Figure 18). The 2-cone 
system provides a two-step reduction in pressure but, due to the large divergence of the ion 
beam, ion lensing is required. Introducing a third cone adds an extra pressure-reducing step and 
greatly reduces ion beam divergence. With the 3-cone design, conventional ion lenses can be 
completely eliminated from the instrument, resulting in greater ion transmission145. 
 
Figure 18: 2- and 3-cone interface systems145 
 
 
The ions from the ICP source are focused by the electrostatic lenses in the system. The ions 
coming from the system are positively charged, so the electrostatic lens, which also has a 
positive charge, serves to collimate the ion beam and focus it into the entrance aperture of the 
mass spectrometer. Once the ions enter the mass spectrometer, they are separated by their 
mass-to-charge ratio. The most commonly used type of mass spectrometer is the quadrupole 
mass filter. Ions with specific m/z ratios are transmitted sequentially to the ion detection 
system. The most common form of detector used in ICP-MS was a channel electron multiplier 
(CEM), however, discrete dynode detectors have now replaced CEMs. These generally have 
wider linear dynamic ranges than CEMs, which is important in ICP-MS as the concentrations 
analysed may vary from sub-ppt to high ppm. Once the ion hits the active surface of the 
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detector, a number of electrons are released, which then strike the next surface of the detector, 
amplifying the signal. This signal can then be measured and related to the number of atoms of 
that element in the sample via the use of calibration standards143,146. 
 
2.2.1.3 Optical emission spectroscopy following ICP 
 
When the analyte enters the central channel of the ICP a number of processes occur. The 
sample desolvates, the matrix decomposes and the resulting analyte undergoes excitation to 
produce molecular, atomic and ionic species in various energy states. Some of this energy is 
released in the form of electromagnetic radiation of a wavelength that is characteristic of the 
emitting species. It is this property of the plasma that is utilised for analytical purposes in the 
ICP-OES. A monochrometer is used to resolve specific wavelengths of interest and a detector 
can be used to measure the intensity of the emitted light. The concentration of the element or 
elements in question can then be calculated from their intensity, via the use of calibration 
standards142. 
 
2.2.2 Time of flight – secondary ion mass spectrometry 
 
ToF-SIMS has found wide application within the last few decades in the ultra-trace element 
analysis of solids with its high spatial and mass resolution147. Tof-SIMS provides elemental, 
chemical state and molecular information from surfaces or solid materials. It measures to an 
average depth of approximately 1 nm. A spatial resolution of < 0.1 µm can be achieved. Spatial 
distribution information is obtained by scanning an ion beam across the sample surface. This 
excites the sample’s surface, which causes secondary ions and ion clusters to be emitted. A 
time-of-flight analyser is used to measure the exact mass of the emitted ions and clusters. From 
the exact mass and intensity of the SIMS peak, the identity of an element or a molecular 
fragment can be determined148,149. 
 
2.2.3 Ion chromatography 
 
Ion chromatography is used for water chemistry analysis. Ion chromatographs are able to 
measure concentrations of major anions and cations at ppm levels. It is a form of liquid 
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chromatography and measures concentrations of ionic species by separating them based on 
their interaction with a resin. Ionic species separate differently depending on species type and 
size. Sample solutions pass through a pressurized chromatographic column where ions are 
absorbed by column constituents. As an ion extraction liquid, known as eluent, runs through the 
column, the absorbed ions begin separating from the column. The species is determined by its 
retention time within the column and the intensity of the peak is proportional to the ion’s 
concentration in the sample150. 
 
2.2.4 X-ray fluorescence 
 
X-ray fluorescence is the emission of fluorescent or secondary X-rays from a material that has 
been bombarded with high energy X-rays or γ-rays. The phenomenon is widely used for 
elemental and chemical analysis. When the X-rays or γ-rays hit a material, ionisations of their 
component atoms take place. These consist of the ejection of one or more electrons from the 
atom, and occur if the atom is exposed to radiation with energy greater than its ionisation 
potential. X-rays and γ-rays can be energetic enough to expel tightly held electrons from the 
inner orbitals of the atom, which creates instability. Electrons in higher orbitals then ‘fall’ into 
the lower orbital to fill the hole left behind and energy is released in the form of a photon. The 
energy of this photon is equal to that of the energy difference between the two orbitals 
involved. Thus, the material is emitting radiation that is characteristic of the atoms present. The 
term fluorescence is applied to the phenomenon in which the absorption of radiation of a 
specific energy results in the re-emission of radiation of a different energy (generally lower)151. 
 
 
2.2.5 Powder X-ray diffraction 
 
A powder may be a polycrystalline material in which there are all possible orientations of the 
crystals so that similar planes in different crystals will scatter in different directions. Powder X-
ray diffraction (PXRD) is a solid-state characterisation technique, which observes the 
reflections of a powdered sample containing a large number of small crystallites. When a 
sample is irradiated with X-rays, they interact with the electrons present in the material, which 
results in scattering of the X-ray. When scattered X-rays constructively interfere i.e. two 
parallel X-rays from a coherent source scatter from two adjacent planes on a crystalline surface, 
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each lattice spacing gives rise to a cone-style diffraction pattern. The resulting XRD pattern is 
compared to predicted patterns stored in the Inorganic Crystal Structure Database so as to 
determine the inorganic phases present in the sample152,153. 
 
2.2.6 Scanning electron microscopy / energy dispersive X-ray spectroscopy 
 
A scanning electron microscope scans a focused beam of high-energy electrons over a surface 
to create an image. The electrons in the beam interact with the sample, producing various 
signals that can be used to obtain information about the surface topography and composition154. 
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3. NORM in the East Midlands’ oil 
and gas producing region of the UK 
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3.1 Background 
 
NORM is a common feature in North Sea oil and gas production offshore but, to date, has been 
reported from only one production site onshore in the UK. This site, Wytch Farm on the Dorset 
coast, revealed high activity concentrations of 210Pb in metallic form but little evidence of Ra 
accumulation38. This chapter will discuss the discovery of NORM at two further onshore sites 
in the East Midlands region of the UK. Figure 19 shows the geographical location of these 
production sites. The material has been characterised in terms of its mineralogy, bulk 
composition and disequilibrium in the natural U and Th series decay chains. 
Fracking in the East Midlands is possible in the future given its good shale gas prospectivity87. 
The analyses described in this chapter, although derived from conventional production of oil, 
can shed light on the type of NORM wastes to be expected from unconventional shale gas 
production in the East Midlands and, therefore, the water treatment and disposal techniques 
likely to be required22,28,43. 
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Figure 19: The principal hydrocarbon-producing provinces of the UK155 
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3.2 Materials and methods 
 
3.2.1 Sampling 
 
Samples were taken from two conventional oil-producing sites in the East Midlands in August 
2012 and December 2013 (Figure 20). At least 100 g of each scale and sludge sample were 
taken. The samples were dried in an oven at ~110 oC for 24 h. Scales were hand ground using a 
pestle and mortar whereas sludge material could be easily crumbled into a powder. The 
samples were then placed in an Ofite 50 cm3 retort at 500 oC for 8 h to volatilise and separate 
the oil and other organics from the inorganic material. Finally, the inorganics were placed in a 
Fritsch Pulverisette ball mill and ground to a fine powder, using a silicon carbide grinding bowl 
and balls. 
Figure 20: NORM Sludge barrels and contaminated tubulars at Site 1 in the East 
Midlands 
 
 
3.2.2 Radionuclide measurement and imaging 
 
The inorganic residues were analysed by gamma spectrometry using a Canberra BE2820 high-
purity germanium crystal with cryostatic cooling (CP-5SL) and carbon epoxy window. FWHM: 
57Co (122 keV [583 eV]), 60Co (1332.5 keV [1725 eV]). Key peaks in radionuclide 
determination were 186 keV for 226Ra, 352 keV for 214Pb, 609 keV for 214Bi, 46.5 keV for 
210Pb, 338, 911 and 969 keV peaks for 228Ac (used to quantify 228Ra) and 239 keV for 212Pb 3. 
Count times were 8000 s or 24 h depending on sample activity. Self-attenuation was observed 
in all scale and a number of sludge samples for the 46.5 keV 210Pb peak and therefore smaller 
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samples were used for calculating 210Pb activity3. The resulting spectra were analysed using 
Genie 2000 V3.2 (2009) spectral analysis software, incorporating LABSOCS S573. Activity 
concentrations are reported as calculated on the date of analysis; all early 2014. An 
international certified reference standard (IAEA-434156) was used for verification and energy 
calibrations were run fortnightly using a standard 152Eu source to check for peak drift and 
consistency in raw counts.  
Uranium-238 and 232Th were measured using an Agilent Technologies 7700 Series ICP-MS. 50 
mg of each sample were digested in 30 cm3 of acid (HNO3 for sludge and reverse aqua regia for 
scales; all trace metal grade purchased from Sigma Aldrich) in a CEM Mars 5 microwave. The 
microwave method involved a 25 min ramp to 180 oC, holding at this temperature for a further 
45 min, followed by a cool down period of 1 h. Each solution was filtered through a 0.2 µm 
syringe filter and diluted to 50 cm3 with deionised water. A 0.5 cm3 sub-sample of the solution 
was taken and diluted to 10 cm3, again with deionised water. Each sample was analysed in 
triplicate using Fischer U and Th standard solutions. The instrumental limits of detection for 
238U and 232Th were calculated from the linear calibration curve157 and found to be 44 and 6 
ng/kg respectively. Using the same method, limits of quantification were 147 and 21 ng/kg, 
respectively. The initial quantity of concentrated acid was required to ensure dissolution of 
samples whereas dilution was necessary to reduce acidity to the required level for ICP-MS. All 
238U and 232Th concentrations measured at the final dilution step were above their respective 
limits of detection but some fell just below the limit of quantification; this leads to some 
uncertainty in results at the lower end of the concentration range. 
Autoradiography was conducted to determine the distribution of radioactivity throughout a 
cross section of Scale 02 (pictured in Figure 24). This process was conducted so as to locate 
areas of higher activity or ‘hot spots’. A high-definition Raytest© image plate scanner (HD-CR 
35 Bio) placed inside a Raytest© ‘Dark Box’ was used for the measurements (12.5 µm pixel 
size). The sample was exposed to the photographic plate for 3 hours. Section 2.1.4 provides 
background information on this technique. 
Within this study, a method using ToF-SIMS was developed specifically for the detection of 
226Ra in the sub-ppm range in Scale 02. A portion of Scale 02 was prepared so as to achieve 
minimal surface topography (pictured later in Figure 34) specifically for ToF-SIMS 
measurements. John Fletcher at the BGS, Keyworth, Nottinghamshire carried out sample 
preparation. The sample was placed in a circular mould and then covered with an epoxy resin 
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(EPO-TEK® 301). This was then placed in a Logitech IU20 vacuum impregnation unit to de-
gas the resin and to improve resin penetration into the sample. After curing overnight in a low 
temperature oven, 40 oC, the sample was removed from the mould. The surface of the block 
was first prepared using silicon carbide paper in propanol, of grit sizes, 320 – 220 – 120 µm. At 
this stage the surface, prior to polishing, was hand lapped on a glass plate using 10 µm 
aluminium oxide powder in propanol. The polishing was completed on a Logitech CL50 
machine using Kemet PSU-M polishing cloths. A diamond paste was supplied by Struers from 
their DP–Paste P range. The grades used were 15 – 6 – 3 – 1 µm. Between each stage the block 
was cleaned using propanol. All quality control was carried out under a reflecting microscope. 
The sample was first characterised by SEM to determine areas of interest. To reduce surface 
charging during SEM, copper tape was adhered around the sample’s edges and the scale 
surface was coated with carbon. SIMS measurements were carried out using a ToF-SIMS IV 
instrument (IONTOF GmbH, Münster, Germany). For the mass spectral analysis a pulsed Bi3+ 
beam of 25 keV was used. The beam was raster scanned over a max area of 500 µm × 500 µm. 
 
3.2.3 Chemical composition and mineralogical analysis 
 
X-ray fluorescence spectrometry (XRF) was used to determine bulk elemental composition. 
Around 10 g of each powdered sample was analysed using a PANalytical Epsilon 3XL XRF 
with Omnian analysis software. Loss on ignition was calculated by heating each sample in a 
furnace for one hour at 1000 oC. X-ray diffraction (XRD) was used to determine mineralogical 
composition using a Bruker D8 Discover powder diffractometer with monochromatic cobalt 
ka1 radiation and position sensitive detector in transmission mode (0.0147 2q step in the range 
of 5 – 80 degrees 2q). The finely powdered samples were run for at least 18 h and the resulting 
XRD patterns compared to library patterns stored in the Inorganic Crystal Structure 
Database152. It should be noted that all XRF and XRD analysis was conducted on samples after 
they were heated to 500 oC. A Carl Zeiss (Leo) 1530 variable pressure high-resolution field 
emission gun and scanning electron microscope was used for SEM/EDX imaging. The 
instrument includes an EDX system for chemical analysis using an Oxford Instruments X-Max 
80 mm2 detector. 
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3.3 Results 
 
3.3.1 Isotopic composition 
 
Scales and sludge material from the East Midlands were found to contain enhanced 
concentrations (above those found hydrocarbon geology [as discussed in Section 1.4.3]) of 
226Ra, 228Ra and their progeny. The data presented in Table 9 show activity concentrations for 
226Ra, 214Pb, 214Bi and 210Pb (238U series) and 228Ra (quantified using 228Ac γ-rays) and 212Pb 
from the 232Th series in samples taken from the two oil producing sites (Site 1 and 2, Figure 
19). Uranium-238 and 232Th concentrations measured by ICP-MS are reported as both mg/kg 
and calculated Bq/kg (Table 10). Three scale samples (Scales 01, 02 and 03) were not fully 
dissolved in reverse aqua regia and values determined by ICP-MS, reported as a guide to likely 
238U and 232Th concentrations, should be regarded as minima158. 
Table 9: 238U/232Th chain radionuclides in NORM samples from the East Midlands 
Sample 226Ra 
 
214Pb 
 
214Bi 
 
210Pb 
 
228Ra (228Ac) 212Pb 
 
Bq/g ± 2 σ 
Site 1 
Scale 01 81.2 ± 14.3 79.7 ± 7.3 81.3 ± 2.2 6.3 ± 2.1 59.6 ± 2.0 49.1 ± 5.1 
Scale 02 76.8 ± 13.5 76.0 ± 7.0 78.4 ± 2.1 6.3 ± 2.1 56.0 ± 1.9 46.5 ± 4.8 
Scale 03 131.6 ± 23.0 119.7 ± 10.9 127.2 ± 3.2 11.5 ± 3.6 40.5 ± 1.5 42.4 ± 4.5 
Sludge 01 0.48 ± 0.09 0.39 ± 0.04 0.38 ± 0.02 0.06 ± 0.03 0.38 ± 0.02 0.32 ± 0.04 
Sludge 02 1.02 ± 0.19 0.94 ± 0.09 0.73 ± 0.05 0.08 ± 0.04 0.88 ± 0.05 0.57 ± 0.07 
Sludge 03 1.76 ± 0.31 1.06 ± 0.10 1.03 ± 0.09 0.22 ± 0.07 0.61 ± 0.03 0.72 ± 0.08 
Sludge 04 0.95 ± 0.17 0.69 ± 0.06 0.69 ± 0.04 0.10 ± 0.04 0.40 ± 0.02 0.46 ± 0.06 
Sludge 05 1.18 ± 0.21 0.87 ± 0.08 0.86 ± 0.05 0.11 ± 0.04 0.47 ± 0.03 0.54 ± 0.07 
Sludge 06 0.78 ± 0.14 0.66 ± 0.06 0.62 ± 0.03 0.06 ± 0.03 0.34 ± 0.02 0.36 ± 0.03 
Sludge 07 0.80 ± 0.15 0.67 ± 0.06 0.56 ± 0.03 0.10 ± 0.04 0.28 ± 0.02 0.38 ± 0.05 
Sludge 08 1.09 ± 0.20 0.78 ± 0.07 0.77 ± 0.05 0.15 ± 0.05 0.44 ± 0.02 0.53 ± 0.05 
Sludge 09 1.08 ± 0.19 0.92 ± 0.08 0.84 ± 0.06 0.12 ± 0.04 0.41 ± 0.02 0.52 ± 0.06 
Site 2 
Scale 04 82.4 ± 14.3 83.3 ± 7.6 89.2 ± 2.3 11.0 ± 3.4 25.1 ± 0.9 27.2 ± 2.9 
Scale 05 58.8 ± 10.3 47.5 ± 4.4 49.9 ± 1.3 7.4 ± 2.3 17.0 ± 0.6 18.7 ± 2.0 
Sludge 10 27.7 ± 4.9 22.2 ± 2.0 22.5 ± 0.9 3.95 ± 1.32 8.58 ± 0.43 8.98 ± 1.07 
Sludge 11 4.54 ± 0.80 4.50 ± 0.41 4.59 ± 0.13 0.60 ± 0.19 3.57 ± 0.12 4.40 ± 0.45 
2 σ error is based on counting statistics only 
 
Samples from Sites 1 and 2 appear to contain similar levels of activity. The scale is 
considerably more active than the sludge, as expected, and all samples exhibit higher 226Ra than 
228Ra activities. The mean 226Ra /228Ra activity ratio for all samples analysed is 2.36:1, which is 
similar to that found offshore in the northern North Sea36. In past literature49 this ratio has been 
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used to infer the 238U/232Th mass ratio in the parent rock. This is unlikely to be an accurate 
reflection owing to the differing solubility of uranium and thorium5,22,60,61,62. Though the 
activities of both Ra isotopes are relatively high, the mass of Ra in the sample is very low, 
ranging from 0.01 – 3.6 µg/kg and from 0.03 – 5.9 ng/kg for 226Ra and 228Ra respectively. 
Activity concentrations of 214Pb, 214Bi and 212Pb give confidence in the Ra isotope activities; 
the majority being in secular equilibrium with their respective parent (within 2σ). Lead-210 
levels are very low and almost certainly arise from ingrowth following decay of 226Ra. In this 
respect, they again resemble Ra deposits from offshore northern North Sea36, rather than the 
metallic lead, 210Pb-rich deposits found onshore at Wytch Farm38. 
Allowing for analytical uncertainty, it is likely that all samples contain 238U and 232Th at 
concentrations lower than those found in the parent sedimentary rocks, typically around 3-10 
mg/kg22,32 and there does not appear to be any correlation with the principal progeny isotopes. 
Table 10: 238U and 232Th concentrations in NORM samples from the East Midlands 
Sample 238U µg/kg 238U Bq/kg 232Th µg/kg 232Th Bq/kg 
± 2 σ 
Site 1 
Scale 01† 112 ± 36 1.39 ± 0.45  212 ± 38 0.86 ± 0.15 
Scale 02† 248 ± 17 3.06 ± 0.21 52 ± 13 0.21 ± 0.05 
Scale 03† 419 ± 150 5.17 ± 1.86 44 ± 31 0.18 ± 0.13 
Sludge 01 541 ± 61 6.68 ± 0.75 46 ± 24 0.19 ± 0.10 
Sludge 02 225 ± 49 2.77 ± 0.61 125 ± 46 0.51 ± 0.19 
Sludge 03 180 ± 54 2.23 ± 0.66 14 ± 2 0.05 ± 0.01 
Sludge 04 664 ± 67 8.20 ± 0.83 19 ± 15 0.08 ± 0.06 
Sludge 05 145 ± 8 1.79 ± 0.10 24 ± 15 0.10 ± 0.06 
Sludge 06 659 ± 51 8.14 ± 0.63 6 ± 3 0.03 ± 0.01 
Sludge 07 283 ± 51 3.50 ± 0.63 16 ± 8 0.06 ± 0.03 
Sludge 08 601 ± 96 7.42 ± 1.18 8 ± 5 0.03 ± 0.02 
Sludge 09 138 ± 26 1.70 ± 0.32 17 ± 4 0.07 ± 0.02 
Site 2 
Scale 04 99 ± 33 1.23 ± 0.41 267 ± 29 1.09 ± 0.12 
Scale 05 76 ± 45 0.94 ± 0.56 97 ± 32 0.39 ± 0.13 
Sludge 10 748 ± 62 9.24 ± 0.76 231 ± 39 0.94 ± 0.16 
Sludge 11 126 ± 47 1.56 ± 0.58 74 ± 4 0.30 ± 0.02 
†Sample not fully digested 
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3.3.2 Chemical composition 
 
The bulk composition of the scales and sludge is summarised in Table 11. As expected for a 
barite (BaSO4) or celestite (SrSO4) host, there is a good correlation between 226Ra and 228Ra 
activity on the one hand and the concentration of Sr and Ba on the other. All samples from both 
sites are shown in Figures 21 and 22; the lower cluster of data points represent the less active 
sludge samples, with the higher cluster representing the scales. In either case the relationship 
does not appear completely linear as there are a number of other factors which can affect Ra 
content (e.g. total Ra inventory, ionic strength and Ba2+:SO42- ratio). The line of best fit is given 
simply to guide the eye. There is no correlation with Ca, in agreement with studies conducted 
on NORM in other oil and gas producing regions in the North Sea36 and locations elsewhere 
around the world49,54. 
Table 11: Mean and range of bulk composition determined by XRF (wt% oxide) 
 CaO MgO SrO BaO Na2O K2O P2O5 SO3 SiO2 Fe2O3 
Scale mean 
n = 5 
2.8 0.1 5.7 12.9 0.4 0.1 0.04 23.5 nd 49.6 
Scale range 
n = 5 
1.3–4.2 0–0.2 2.7–12.4 7–25.4 0–1.2 0.02–0.2 0–0.2 7–43 nd 35.2–72.7 
Sludge mean 
n = 11 
24.4 0.3 0.8 1.7 0.1 0.04 0.1 11.4 1.2 36.4 
Sludge range 
n = 11 
10.3–42.6 0.1–1.3 0.1–2.4 0.1 – 9.7 0–0.7 0–0.2 0–0.3 3.1–26 0.1–7.5 7.9–64.9 
nd – not detected 
 
 
Figure 21: Correlation of Ra isotopes with Ba in scales and sludge (n = 16) 
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Figure 22: Correlation of Ra isotopes with Sr in scales and sludge (n=16) 
 
 
				
Total BaO and SrO concentrations (wt%) and elemental Ba and Sr mole fractions (xi) are 
shown in Table 12. The Srxi in scale samples range from 30 to 42%; thus, all the scales appear 
to be strontiobarite (Baxi > Srxi), assuming (Ba,Sr)SO4 is the dominant Ba- and Sr-containing 
phase (XRD data confirms this in the following section). In the sludge samples however, the 
Srxi values range from 20 to 94%. Given the correlations found (Figure 21 and 22) it is unlikely 
that this reflects baritocelestite (Baxi < Srxi) in the sludge; rather the presence of another Sr-
bearing phase that makes little contribution to the Ra inventory. 
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Table 12: Ba and Sr (wt% oxide and mole fraction [xi]) in scale and sludge samples 
Sample (site) BaO SrO Baxi Srxi 
Scale 
01 (1) 8.57 2.72 0.69 0.31 
02 (1) 9.10 2.71 0.70 0.30 
03 (1) 25.40 12.37 0.59 0.41 
04 (2) 14.74 6.84 0.60 0.40 
05 (2) 7.05 3.63 0.58 0.42 
Sludge 
01 (1) 0.10 1.16 0.06 0.94 
02 (1) 0.20 1.14 0.11 0.89 
03 (1) 0.21 0.26 0.36 0.64 
04 (1) 0.09 0.22 0.22 0.78 
05 (1) 0.15 0.12 0.46 0.54 
06 (1) 0.08 0.27 0.17 0.83 
07 (1) 0.08 0.28 0.17 0.83 
08 (1) 0.12 0.32 0.21 0.79 
09 (1) 0.12 0.33 0.21 0.79 
10 (2) 7.48 2.45 0.68 0.32 
11 (2) 9.74 1.70 0.80 0.20 
 
The Srxi/Baxi ratio is plotted against 226Ra and 228Ra activity in Bq/mol of Ba plus Sr for all Site 
1 samples (Figure 23). There is a clear negative relationship, showing that as the mole fraction 
of Sr in strontiobarite increases, the activity concentration of each Ra isotope decreases. The 
relationship is less apparent for Site 2, although it should be noted that only four samples were 
obtained. The observed relationship found in samples from Site 1 is probably due to the large 
atomic size mismatch between Ra and Sr; the presence of Sr applies constraints on how much 
Ra can coprecipitate within the strontiobarite matrix.  
Figure 23: Relationship between Srxi /Baxi and Ra isotopes at Site 1 (n = 12) 
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3.3.3 Mineralogical analysis 
 
Sludge material (example shown in Figure 24 and 25) is a mixture of predominantly calcite 
(CaCO3), calcium sulphate (CaSO4), magnetite (Fe3O4), pyrrhotite (FeS - not shown in the 
XRD examples) and quartz (SiO2) with higher intensity peaks, while low intensity peaks 
corresponded to strontiobarite (BaxSrySO4) and barite (BaSO4). The scale (example shown in 
Figure 26 and 27) was found to be predominantly composed of strontiobarite with varying 
proportions of Ba and Sr and magnetite with some samples having low intensity peaks 
corresponding to pyrrhotite and calcite. It should be noted that high and low intensity peaks do 
not necessarily correspond to high and low concentrations respectively. It should also be noted 
that XRD analysis was performed post-retort i.e. after being heated to 500 oC. It is possible 
therefore that any Pb phases present in the sample may have been volatilised (the melting point 
of Pb is 327.5 oC 159). XRD patterns for the sludge and scale before (purple patterns, Figure 24 
and 26 respectively) and after (black patterns, Figure 25 and 27 respectively) heating to 500 oC 
show that no significant quantities of any Pb phases were present prior to heating. 
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Figure 24: Sludge 10 XRD before heating to 500 oC 
00-024-1035 (*) - Barite, syn - BaSO4 - Y: 12.50 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.15650 - b 8.88110 - c 5.45410 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pbnm (62) - 
00-026-0328 (I) - Calcium Sulfate - alpha-CaSO4 - Y: 17.48 % - d x by: 1. - WL: 1.78897 - Hexagonal - a 5.06400 - b 5.06400 - c 7.97800 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P31
00-046-1045 (*) - Quartz, syn - SiO2 - Y: 55.98 % - d x by: 1. - WL: 1.78897 - Hexagonal - a 4.91344 - b 4.91344 - c 5.40524 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3221 (154) - 3 
01-089-1304 (C) - Calcite, magnesium, syn - (Mg0.03Ca0.97)(CO3) - Y: 81.02 % - d x by: 1. - WL: 1.78897 - Rhombo.H.axes - a 4.97800 - b 4.97800 - c 16.98799 - alpha 90.000 - beta 90.000 - gamma
00-019-0629 (*) - Magnetite, syn - Fe+2Fe2+3O4 - Y: 30.48 % - d x by: 1. - WL: 1.78897 - Cubic - a 8.39600 - b 8.39600 - c 8.39600 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fd-
00-039-1468 (*) - Celestine, barian, syn - Ba0.50Sr0.50SO4 - Y: 23.48 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.00610 - b 8.60390 - c 5.42140 - alpha 90.000 - beta 90.000 - gamma 90.000 - Pr
Operations: X Offset -0.072 | Background 1.000,1.000 | Import
Sample 5 23 03 2017 - File: Sample 5 before retort 23 03 2017.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 45.458 ° - Step: 0.007 ° - Step time: 11.6 s - Temp.: 25 °C (Room) - Time Started: 9 s - 
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00-024-1035 (*) - Barite, syn - BaSO4 - Y: 12.26 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.15650 - b 8.88110 - c 5.45410 - alpha 90.000 - beta 90.000 - gamma 90.000 - Primitive - Pbnm (62) - 
00-026-0328 (I) - Calcium Sulfate - alpha-CaSO4 - Y: 15.61 % - d x by: 1. - WL: 1.78897 - Hexagonal - a 5.06400 - b 5.06400 - c 7.97800 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P31
00-046-1045 (*) - Quartz, syn - SiO2 - Y: 50.67 % - d x by: 1. - WL: 1.78897 - Hexagonal - a 4.91344 - b 4.91344 - c 5.40524 - alpha 90.000 - beta 90.000 - gamma 120.000 - Primitive - P3221 (154) - 3 
01-089-1304 (C) - Calcite, magnesium, syn - (Mg0.03Ca0.97)(CO3) - Y: 72.34 % - d x by: 1. - WL: 1.78897 - Rhombo.H.axes - a 4.97800 - b 4.97800 - c 16.98799 - alpha 90.000 - beta 90.000 - gamma
00-019-0629 (*) - Magnetite, syn - Fe+2Fe2+3O4 - Y: 30.68 % - d x by: 1. - WL: 1.78897 - Cubic - a 8.39600 - b 8.39600 - c 8.39600 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fd-
00-039-1468 (*) - Celestine, barian, syn - Ba0.50Sr0.50SO4 - Y: 22.99 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.00610 - b 8.60390 - c 5.42140 - alpha 90.000 - beta 90.000 - gamma 90.000 - Pr
Operations: X Offset -0.072 | Background 1.000,1.000 | Import
RK3775 Inorganics 24 h - File: RK3775 Inorgs 24h.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 45.624 ° - Step: 0.007 ° - Step time: 15.2 s - Temp.: 25 °C (Room) - Time Started: 9 s - 2-Theta: 10.
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Figure 25: Sludge 10 XRD after heating to 500 oC 
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00-019-0629 (*) - Magnetite, syn - Fe+2Fe2+3O4 - Y: 73.66 % - d x by: 1. - WL: 1.78897 - Cubic - a 8.39600 - b 8.39600 - c 8.39600 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fd-
00-039-1468 (*) - Celestine, barian, syn - Ba0.50Sr0.50SO4 - Y: 52.58 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.00610 - b 8.60390 - c 5.42140 - alpha 90.000 - beta 90.000 - gamma 90.000 - Pr
Operations: Background 1.000,1.000 | Import
Sample 7 - File: Scale example (RK7) before retort.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 45.458 ° - Step: 0.007 ° - Step time: 11.6 s - Temp.: 25 °C (Room) - Time Started: 7 s - 2-Theta: 10.
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Figure 26: Scale 4 XRD before heating to 500 oC 
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00-019-0629 (*) - Magnetite, syn - Fe+2Fe2+3O4 - Y: 26.98 % - d x by: 1. - WL: 1.78897 - Cubic - a 8.39600 - b 8.39600 - c 8.39600 - alpha 90.000 - beta 90.000 - gamma 90.000 - Face-centered - Fd-
00-039-1468 (*) - Celestine, barian, syn - Ba0.50Sr0.50SO4 - Y: 29.12 % - d x by: 1. - WL: 1.78897 - Orthorhombic - a 7.00610 - b 8.60390 - c 5.42140 - alpha 90.000 - beta 90.000 - gamma 90.000 - Pr
Operations: Background 1.000,1.000 | Import
RK3777 Inorganics - File: RK3777 Inorgs 24h.raw - Type: 2Th/Th locked - Start: 10.000 ° - End: 45.624 ° - Step: 0.007 ° - Step time: 15.2 s - Temp.: 25 °C (Room) - Time Started: 7 s - 2-Theta: 10.000 °
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Figure 27: Scale 4 XRD after heating to 500 oC 
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However, there could still be small amounts of Pb phases present in the samples, below the 
limit of detection for XRD analysis (around 3 %). To investigate this, 210Pb activity was 
measured by gamma spectrometry before and after heating to 500 oC, along with the % change 
in sample mass (Table 13). The % change in the 210Pb specific activity was calculated and 
compared to the expected 210Pb specific activity, which assumes all the 210Pb remained in the 
inorganic fraction (Figure 28). 
 
Table 13: 210Pb activity before (bulk) and after heating to 500 oC (inorganics) 
Sample 210Pb activity in 
bulk (Bq/g)  
210Pb activity in 
inorganics (Bq/g)  
% 210Pb activity 
change 
% mass decrease 
after heating 
Site 1 
Scale 01 4.9 6.3 29 16 
Scale 02 5.1 6.3 23 15 
Scale 03 9.8 11.5 17 12 
Sludge 01 0.04 0.06 37 25 
Sludge 02 0.06 0.08 40 22 
Sludge 03 0.19 0.22 14 19 
Sludge 04 0.08 0.10 20 16 
Sludge 05 0.08 0.11 46 27 
Sludge 06 0.05 0.06 16 12 
Sludge 07 0.08 0.10 18 14 
Sludge 08 0.13 0.15 14 14 
Sludge 09 0.11 0.12 5 5 
Site 2 
Scale 04 10.1 11.0 9 12 
Scale 05 6.6 7.4 12 12 
Sludge 10 2.4 3.9 66 36 
Sludge 11 0.52 0.60 15 13 
 
 
If all the 210Pb does indeed remain in the inorganic phase, the experimental results should 
closely follow the expected (Figure 28). There is certainly a close relationship, with all but one 
sample falling on the expected line within 2σ. Considering many of the 210Pb activities 
measured in these samples are close to the MDA (~ 0.05 Bq/g), the relationship is very good 
and gives confidence that any 210Pb (and therefore Pb) present in the samples prior to heating to 
500 oC is still present in the inorganic fraction.  
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Figure 28: Experimental vs. expected change in 210Pb activity after heating to 500 oC 
(assuming no carry over into organic fraction) 
 
 
For completeness, the organic fractions from the East Midlands NORM samples were 
measured by gamma spectrometry (48 h count times) after separation from inorganics. All 
organic fractions were found to contain less than the MDA of 210Pb and indeed of all gamma-
emitting radionuclides; no radionuclides were carried over to the organic fractions. A number 
of these analyses are shown in Table 14. 
 
Table 14: 210Pb analysis of organic fractions from scale and sludge 
 
Radionuclide 
Scale 04 Scale 05 Sludge 10 
MDA (Bq/g) 
234Th < 0.06 < 0.04 < 0.03 
226Ra < 0.16 < 0.12 < 0.08 
214Pb < 0.03 < 0.02 < 0.01 
214Bi < 0.04 < 0.02 < 0.02 
210Pb < 0.09 < 0.08 < 0.06 
228Ac < 0.08 < 0.08 < 0.04 
212Pb < 0.02 < 0.01 < 0.001 
212Bi < 0.25 < 0.18 < 0.13 
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A typical scale sample (Scale 02) is shown in Figure 29. It was removed intact from a tubular 
from Site 1 and appears striated in cross section. SEM/EDX imaging was used to examine 
surface topography, crystal form and mineral chemistry. The material is of broadly uniform 
thickness (~1 cm) but the exposed surface is uneven, as are the respective layers, suggesting 
deposition from a fluid with turbulent flow. This accords with rapid precipitation kinetics and 
scale formation over a short period. 
Figure 29: Intact scale sample (Scale 02) removed from tubular at Site 1 
 
  
Backscattered electron imaging was used to locate Ba and to assess inhomogeneity in 
composition through the section. The full cross section shown in Figure 30 shows distinct 
layers rich in barium (high atomic weight elements appearing brighter), corresponding to 
periods of scale deposition. The intensity profiles in Figure 30 help to show how Ba, Sr, Ca and 
Fe concentrations vary throughout the scale; from the youngest deposits on the left to the oldest 
deposits on the right adjacent to the inner surface of the pipe. Individual crystals were 
confirmed by EDX to be strontiobarite. Calcium occurs throughout the section but is more 
abundant towards the base, representing older deposits. In contrast, iron concentrations are 
similar throughout, but particularly abundant directly adjacent to the pipe. 
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Figure 30: Backscattered electron image of the Scale 02 cross-section and corresponding elemental intensity profiles along the section 
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Figure 31a shows a partial cross section of Scale 02, taken towards the inner edge of the scale, 
where the youngest deposits lie. Figures 31b-e show the corresponding elemental maps for Ba, 
Sr, Ca and Fe. The images show clearly that Ba and Sr are co-located in distinct layers and are 
largely absent elsewhere. 
Figure 31a-e: Backscattered electron image (a) of Scale 02, showing distinct strontiobarite 
layers (white) and corresponding elemental maps (b - e) 
 
 
Figure 32 and 33 show the presence of both idiomorphic and acicular strontiobarite crystals in 
the scale. Many crystals display subhedral and tabular form indicating deposition from free 
solution or free-flowing slurry. 
Figure 32: Backscattered electron image of strontiobarite crystals in Scale 02 
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Figure 33: High resolution SEM image of tabular strontiobarite crystals in Scale 02 
 
3.3.4 Locating ‘hot spots’ and imaging radium: autoradiography and ToF-SIMS 
 
ToF-SIMS can be used to image elements in the sub-ppm range. Although the overall 
concentration of 226Ra in Scale 02 is too low to be measured reliably by ToF-SIMS, the 
presence of ‘hot spots’ in the strontiobarite portions of the sample could yield detectable levels 
of 226Ra148,149,160. There was potential for the distribution of 226Ra to be imaged in each layer of 
strontiobarite throughout the full cross section (shown in Figure 30). Initially autoradiography 
was carried out on Scale 02 to look for these ‘hot spots’. The autoradiograph (Figure 35) 
corresponds to the portion of Scale 02 shown in Figure 34. The autoradiograph intensity profile 
(Figure 36) is for the 5th horizontal segment shown in Figure 35 (marked with a * and roughly 
equivalent to the full cross section shown in Figure 30). This appears to show the radioactivity 
present in this sample is homogeneous; no hot spots could be discerned at a resolution of 12.5 
µm. It should be noted that this does not necessarily mean there are no hot spots, just that there 
are none visible at this resolution. 
 
As autoradiography was not able to discern any hot spots, backscattered electron imaging was 
used; areas of higher Ba concentrations could be discerned (brighter/whiter regions). These 
areas are more likely to contain higher 226Ra levels due to the similarity in the atomic radius of 
Ba and Ra. Figure 37 shows the backscattered image and Ba elemental map for the area of 
Scale 02 that was selected for ToF-SIMS imaging. 
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Figure 35 
Figure 36: Autoradiograph intensity profile through of Scale 02 (* segment) 
 
 Figure 35: Scale 02 autoradiograph 
Figure 34: Scale 02 embedded in an 
epoxy resin after polishing 
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Figure 37: SEM backscattered electron image and Ba elemental map of ‘area of interest’ 
for ToF-SIMS 
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Figure 38: ToF-SIMS sputtering images of the region of Scale 02 shown in Figure 32. Images are for Ba, Sr, 
Ra, 138Ba+88Sr interference, Ca and Fe. MC = maximum counts, TC = total counts. 
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Figure 38 shows the ToF-SIMS sputtering images for the region of Scale 02 shown in Figure 
37.  Figure 39 shows the two intensity peaks that are produced in the 226 u region. The larger 
peak (green peak) is almost certainly produced due to interference from the combined masses 
of the heaviest and most abundant isotopes of barium (138Ba) and strontium (88Sr); from the 
exact masses (137.91 + 87.91159) a peak at around 225.82 is produced. The exact mass of 226Ra 
is 226.03161, which is likely to be responsible for the smaller peak (orange peak). It is important 
when measuring 226Ra by ToF-SIMS in a complex ‘real world’ sample such as Scale 02, that 
contains both Ba and Sr, that false 226Ra results are not gleaned due to the presence of the 
138Ba+88Sr interference. 
 
Figure 39: Tof-SIMS 226Ra and ‘138Ba+88Sr interference’ intensity peaks 
 
 
The ToF-SIMS image for 226Ra in Figure 38 shows a maximum count per pixel of only 2, and a 
total of around 1000 counts over the 500 µm × 500 µm area; as can be seen from the orange 
peak in Figure 39, this is barely above background levels. These very low levels of 226Ra, 
coupled with the potential that the shoulder of the interference peak could be distorting the 
226Ra peak, make these results highly unreliable. The 226Ra in this sample is too evenly 
distributed to achieve 226Ra concentrations that could be detected and quantified by ToF-SIMS 
(< 0.1 µm resolution). 
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3.3.5 Age determination 
 
The maximum age of these deposits has been estimated using the 226Ra/210Pb ratio on the 
assumption that all 210Pb present in the samples is from ingrowth following decay of 226Ra. The 
estimate also assumes a closed system i.e. no radon (222Rn) has escaped. This appears to be an 
accurate assumption as the majority of all measured post-222Rn radionuclides are in secular 
equilibrium with 226Ra. The scales are very young and therefore formed very quickly, around 
2.2 years (range: 1.9 - 2.6 years). Sludge material, although still young, appears on average to 
be slightly older than the scale, around 3.7 years (range: 2.6 - 4.8 years), due to longer storage 
on site. Again, there does not appear to be a great deal of difference in the age of the NORM 
deposits when comparing Site 1 to Site 2. All calculated ages have been backdated to the date 
of sampling.  
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3.4 Discussion 
 
NORM is a widespread problem in oil and gas production and indeed, across many industrial 
sectors31,35. Numerous investigations have been carried out in the North Sea4,36,53,54,78,96 but, 
until now, only one has considered onshore installations in the UK, Wytch Farm38. This site, 
with metallic lead scales displaying high 210Pb and 210Po but very little Ra, may well be 
unrepresentative of mainland UK as a whole. XRD analysis has shown that no measurable 
amounts of Pb phases are present in the East Midlands samples. Instead, samples from the East 
Midlands oilfield closely resemble those from the northern North Sea in terms of mineralogy, 
bulk chemistry and U series disequilibrium. They are rich in Ra isotopes (~100 Bq/g), well 
above the national exemption level for landfill disposal (5 Bq/g head of chain12) with a typical 
226Ra/228Ra signature of approximately 2.5:1. The greater abundance of 226Ra reflects the higher 
solubility of U in source and reservoir rocks than Th5,32,37. Activity concentrations of 210Pb in 
all the East Midlands NORM scale and sludge samples are low and can be accounted for by 
ingrowth from the decay of 226Ra. 
Radium occurrence in strontiobarite and the elemental ratio of Sr:Ba is clearly correlated; the 
greater the proportion of the Ba end-member, the higher the activity concentration of 226Ra and 
228Ra. The same trend has been found elsewhere39,91 and can be explained in terms of both 
crystallographic structure162 and solubility trends in the alkaline earth series110,163,164. The 
composition of formation waters is crucial, therefore, in determining the extent of sulphate 
precipitation and the Ra activity of the scales produced. The kinetics of barite precipitation are 
faster than those of celestite and will always favour Ra abstraction from solution91,164. 
Temperature also plays a role as the solubility of barite passes through a maximum at a 
somewhat higher temperature (~80 oC) than celestite165.  
Limited ingrowth of 210Pb points to the scales having formed quickly by direct coprecipitation 
but the process was not continuous. A cross section through Scale 02 indicates distinct periods 
of deposition separated by intervals during which little or no strontiobarite precipitation 
occurred (Figures 30 and 31). Groundwater data are not available from the wells to firmly 
establish the cause but it is likely that these layers reflect intervention in the form of pumping 
or fluid injection, leading to a variation in the concentrations of Ba, Sr and/or sulphate in 
solution. Changes in ionic strength and temperature have also been shown to have a substantial 
bearing on Ra uptake by barite91,165. However, unless very dilute water was introduced, 
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sulphate mineral precipitation should still occur, and opportunities for temperature changes to 
affect solubility are limited in conventional extraction. Further evidence of changes in water 
composition is apparent as the Ca (calcite, gypsum) concentration decreases from older to 
younger deposits throughout the Scale 02 cross-section (Figures 30 and 31d). The presence of 
reduced Fe minerals (magnetite and pyrrhotite) is interesting as an indicator of future trends 
since 210Pb in the form of galena (PbS) is known from wells offshore in the Central North 
Sea31,78,96. The distribution of Ra appears to be relatively homogeneous throughout Scale 02 
(Figure 36); it was not possible to discern any notable ‘hot spots’ in the Scale 02 matrix at a 
12.5 µm resolution (autoradiography) or at < 0.1 µm resolution (ToF-SIMS). 
 
Radionuclides in oil & gas NORM deposits may originate in the hydrocarbon source rocks, 
reservoir formations or inter-connecting strata. In the case of the Wytch Farm oilfield, the 
dominant contributor is thought to be the Triassic Sherwood Sandstone reservoir since wells 
tapping the same Kimmeridge Clay (Jurassic) source but different reservoirs, such as the 
Bridport or Wareham Formations, are much less affected38. Indeed, ‘Red Bed’ sandstone 
formations throughout the UK are associated with elevated U concentrations in groundwater166. 
In contrast, Ra isotopes found at the two sites in the current study may originate in the Lower 
Carboniferous source rocks. Neither the Westphalian sandstone nor limestone reservoirs in the 
East Midlands are especially uraniferous whereas the Lower Carboniferous typically contains 
>10 mg/kg U and may be linked to high activity concentrations of Ra isotopes in flowback 
fluid from exploratory shale gas wells in North West England43. 
It is highly likely that other production sites in the East Midlands oil-field will be similarly 
affected as they exploit the same hydrocarbon sources93. With related geology comes similar 
composition of formation waters but that, in itself, does not necessarily imply comparable Ra 
activities in derived NORM scale. While geology will control the total inventory of primordial 
U and Th present, subsequent concentration of progeny radionuclides will depend on 
geochemical mixing in the produced waters, pH, ionic strength and ambient conditions. 
Enhanced removal in the form of fracking, using acids at higher temperatures and pressures 
than conventional extraction, is likely to mobilise a greater proportion of the U and Th series 
elements than conventional extraction, as seen frequently in mineral processing39–41 and as 
shown by experience in the United States26,42 and preliminary exploration for shale gas in North 
West England43. 
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4. Optimisation of radium recovery 
from fracking flowback fluids  
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4.1  Background 
 
Fracking is frequently scrutinised in the media but rarely mentioned in the context of 
radioactivity. Since the recent fracking boom in the USA, and attempts by other countries to 
emulate it85,167,168, large volumes of saline, radium-containing ‘flowback fluid’ have become a 
NORM issue. Table 15 shows a variety of analyses of flowback fluid from fracking operations 
in the UK and around the world. The studies largely come to the same conclusion; fracking 
generally leads to the formation of high salinity (high ionic strength, IS) flowback fluids 
containing very high concentrations of soluble constituents e.g. sodium and chloride. 
 
Table 15: Characterisation of flowback fluids from fracking operations 
 
Location 
Na+ Ca2+ Ba2+ Cl- SO42- TDS 226Ra2+ pH 
mg/dm3 Bq/dm3 
Range 
Bowland 
Shale, West 
Lancashire, 
UK43  
< 200 - 
33300 
nr nr 15400 - 
92800 
nr nr 14 – 90 6 - 8 
Lower 
Saxony, 
Germany84 
3200 – 
44800 
612 – 
22000 
0 – 455 7010 – 
115140 
4 – 
1100 
nr nr nr 
Marcellus 
Shale, 
Pennsylvania, 
USA28,169 
8 – 82000 16 – 
40000 
0.06 – 
12000 
18 – 
200000 
1 – 
1700 
2.8 – 
390000 
0.002 – 
629 
5.8 – 6.6 
DJ Basin, 
Colorado, 
USA90 
nr nr nr 13600 1.3 22500 nr 6.8 
West Texas 
Region, 
USA89 
540 – 
74600 
137 – 
20100 
0 – 2175 1200 – 
153000 
0 – 
2000 
2900 – 
252000 
nr nr 
nr = not reported, TDS = total dissolved solids. 
 
In North West England lies the Bowland Shale, which is currently the UK’s most prospective 
region in terms of shale gas88 and is home to the only site that has been fracked in the UK, 
Preese Hall Farm87. The UK Environment Agency’s initial analysis of flowback fluid from 
Preese Hall Farm has indicated 226Ra concentrations (14 - 90 Bq/dm3 43) which exceed the 
national exemption limit for aqueous radioactive waste discharge (0.01 Bq/dm3 12). This 
analysis and evidence from the previous chapter (Lower Bowland Shale) indicate that isotopes 
of Ra (226Ra and to a lesser extent 228Ra) will be the dominant radionuclides found in flowback 
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fluid from further fracking operations in the Bowland Shale. The number of wells planned for 
the North West cannot be officially clarified yet but the low end estimate for flowback fluid 
volume from one well at Preese Hall Farm is 1232 m3 with the high estimate being 6627 m3 95. 
There is a need to remove the Ra from these fluids and transform it into a low volume waste, 
which is more manageable. However, the low Ra exemption limits make measurement of the 
fluid before discharge highly problematic, requiring complex and costly α spectrometry170. 
 
As already discussed in Section 1.6.3, Ra has chemical properties similar to Ba and thus readily 
coprecipitates with barite (BaSO4)59,123,124. Currently barite coprecipitation is the most cost-
effective way to remove Ra from high IS fluids91. A relevant study conducted by Zhang et al.91, 
discussed in Section 1.6.3, investigated the relationship between IS and 226Ra2+ recovery by 
barite coprecipitation. Zhang et al.91 used solutions containing 5 mmol/dm3 Ba2+ and varied 
SO42- concentrations at each IS to keep barium removal constant. The study concluded that an 
increase in IS improved 226Ra2+ recovery possibly due to decreasing electrolyte activity and 
therefore nucleation rate (diffusion-controlled growth). A reduction in nucleation rate may 
enhance incorporation of 226Ra2+ into barite because it would allow more time for lattice 
replacement of Ba2+ for 226Ra2+, which only occurs during nucleation and crystal growth of 
barite125–129. In addition an increase in IS would decrease the crystal-solution interfacial 
tension, increase etch density, and compress the electric double layer, which increases the 
probability of the 226Ra2+ reaction with the barite lattice128–130. 
 
It has been shown that 226Ra2+ can also be removed from solution by barite post-precipitation 
(recrystallisation)171,172. Bosbach et al.171 described the kinetics of 226Ra2+ incorporation into 
the Ba1-xRaxSO4 solid solution over the course of more than a year and found that the uptake 
rate drops significantly throughout this time. Their experiments used 2.3 mmol/dm3 of 
preformed barite in IS = 0.1 M solutions and determined a possible stationary point for the 
aqueous 226Ra2+ concentration after around 100 days; this could be interpreted as 
thermodynamic equilibrium although data were lacking in the latter period of the experiment.  
 
The focus of this study will be on optimising 226Ra2+ recovery by barite coprecipitation by 
determining the minimum amount of SO42- that would need to be added to remove the 
maximum possible amount of 226Ra2+. Sulphate is less toxic and cheaper than Ba2+ so is the 
preferred reagent to use in excess. The initial experiments will use a much lower Ba2+ 
concentration than that used by Zhang et al.91 and Ba2+ removal will not be kept constant. A 
 98 
comparison will be made between low and high salinity (IS = 0.3 and 3 M) in slightly acidic 
(pH = ~6) solutions containing 0.22 mmol/dm3 (30 mg/dm3) Ba2+ and ~100 Bq/dm3 of 226Ra2+, 
reflecting global analyses of flowback fluid (Table 15). Experimental work tends to concentrate 
on 226Ra2+ which is of more long term environmental concern than 228Ra2+ due to its longer 
half-life (1600 and 5.75 years respectively) and the greater solubility of its head of chain (238U 
and 232Th respectively)5. All observations in this study and previous studies apply equally to the 
recovery of 228Ra2+. A kinetic experiment will then determine whether leaving the systems to 
remove more 226Ra2+ by post-precipitation is fast enough to be of practical use in industry. 
Centrifugation could then be used to separate the radiobarite precipitate from the remaining 
fluid; this process could be scaled-up and used in an industrial setting. In an industrial setting, 
the 226Ra2+ activity present in the resulting solid needs to be considered, so that an appropriate 
disposal route can be determined. 
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4.2 Materials and methods 
 
4.2.1 Reagents 
 
226RaCl2 solution was obtained from NPL, BaCl2 (99.9 %) was obtained from Sigma Aldrich, 
Na2SO4 (99.1 %) was obtained from VWR Chemicals, NaCl (> 99 %) was obtained from Acros 
Organics, trace metal grade Ba2+ in 2% HNO3 was obtained from Fischer Chemical and 
scintillation cocktail was obtained from Gold Star. 
 
4.2.2 Radium recovery by barite coprecipitation 
 
Two 2 L solutions were prepared at IS = 0.3 and 3 M (using NaCl), both with 0.22 mmol/dm3 
Ba2+ (using BaCl2) in deionised H2O. Both solutions were spiked with ~100 Bq/dm3 of 226Ra2+ 
and pH was adjusted to ~6 using HCl. Aliquots of 50 mL were taken from each solution into 
separate centrifuge tubes and varying amounts of SO42- (0.1 - 70 mmol/dm3 as Na2SO4) were 
added to each vessel. All experiments were run in triplicate. Each vessel was centrifuged (2 × 
20 minutes at 6000 rpm; total reaction time 40 minutes). The radiobarite precipitate was either 
not visible to the naked eye or produced a slightly cloudy solution towards the bottom of the 
centrifuge tube. Consequently, separation by centrifugation was not possible and ultrafiltration 
was used in its place. An Amicon 8050 ultrafiltration cell under pressure of N2 coupled with an 
Isopore membrane filter (polycarbonate, hydrophilic, 0.22 µm, 44 mm diameter) was used. 
After separation, the samples were ready for analysis by gamma spectrometry. Appendix 9.3 
contains the full data set with activity balancing. 
 
4.2.3 Determination of radium-226 by gamma spectrometry 
 
In each experiment the precipitate measurement is reported unless it was below the MDA 
(minimum detectable amount) for 226Ra2+ (MDA = ~0.6 Bq when counting for 18 h), in which 
case the filtrate measurement is reported. A Canberra BE2820 high-purity germanium crystal 
gamma spectrometer with cryostatic cooling (CP-5SL) and carbon epoxy window was used. 
The key peak for determination of 226Ra2+ activity was 186 keV 3. Count times were 16,000 
seconds or 18 hours depending on sample activity. Precipitates were measured either as point 
sources on the Isopore membrane filter or in small 1 cm diameter glass vials. Filtrates were 
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measured in 50 mL plastic pots. The resulting spectra were analysed using Genie 2000 V3.2 
(2009) spectral analysis software, incorporating LABSOCS S573. All spectra were subject to a 
background subtract. International certified reference standard, IAEA-434156 (226Ra and 210Pb) 
for solids and a liquid NPL standard (133Ba, 152Eu, 60Co, 134Cs, 137Cs and 210Pb) were used for 
verification. Energy calibrations were run fortnightly using a standard 152Eu source to check for 
peak drift and consistency in raw counts.  
 
4.2.4 Kinetics of radium recovery by barite post-precipitation 
 
Two 50 mL solutions were prepared at IS = 0.3 and 3 M (using NaCl), both with 0.22 
mmol/dm3 Ba2+ (using BaCl2) in deionised H2O. Both solutions were spiked with ~100 Bq/dm3 
of 226Ra2+ and pH was adjusted to ~6 using HCl. SO42- (1.5 and 15 mmol/dm3 as Na2SO4) was 
added to the IS = 0.3 and 3 solutions respectively. Each vessel was centrifuged (2 × 20 minutes 
at 6000 rpm) for experimental consistency, although separation was not required. Further 
226Ra2+ (20 kBq/dm3) was then added and aliquots of 0.25 mL were taken at a range of time 
intervals (30 minutes up to 14 days). A larger 226Ra2+ quantity was required so that small 
differences in activity between short time intervals could be more accurately determined. The 
226Ra2+ stock and each aliquot were then ready for analysis by LSC (liquid scintillation 
counting). 
 
4.2.5 Determination of radium-226 by liquid scintillation counting 
 
Each 0.25 mL aliquot was added to 10 mL of scintillation cocktail in a standard plastic LSC 
vial. Each sample was sealed (with tape) in the vial and left for 4 weeks so that 226Ra could 
reach secular equilibrium with its α-emitting progeny. A Packard 2100 TR LSC was used for 
all measurements. A total count of all α-emissions from 226Ra as well as 222Rn and 218Po 
(daughters of 226Ra2+ with peaks that cannot be deconvoluted) was used to quantify 226Ra2+ 171 
(counting window: 170 – 370 keV). Counting was conducted for 1 hour and all raw counts 
were subject to a background subtract. 
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4.2.6 Comparison of gamma spectrometry and LSC measurements of liquid samples 
Gamma spectrometry and LSC were used to quantify 226Ra in liquid samples from this study. 
Gamma spectrometry was used for the coprecipitation experiments as it can be used to quantify 
226Ra in larger sample volumes (than LSC) and be used to analyse both liquid and solid 
samples, allowing for experimental consistency. However, gamma spectrometry is limited by 
the weak emission probabilities of many potentially useful 226Ra emission lines (its greatest 
being the 186.5 keV gamma-ray with only ~6 % probability). Another limitation is that HPGe 
detectors have a relatively poor counting efficiency over a wide range of energy3. 
For the post-precipitation experiments, it was necessary to take very small aliquots (0.25 mL) 
out of the 50 mL solution so that the volume change had a minimal effect. Consequently a 
much larger concentration of 226Ra was required to achieve a quantifiable concentration in each 
0.25 mL. It was also necessary to take each aliquot after short time intervals, potentially 
resulting in very small changes in 226Ra activity. To be able to reliably quantify the aqueous 
226Ra activity changes, LSC was required. Unlike its weak gamma emission probabilities, 226Ra 
emits an α-particle in 100 % of its decays making the total number of decay events counted by 
LSC potentially much greater than that of gamma counting. Possible limitations of LSC stem 
from quenching, self-absorption and poor energy resolution. However, the high amount of 
energy deposited by α-particles reduces its sensitivity to quenching and because the 
radionuclides are in a homogeneous solution of organic scintillator, there is little risk of sample 
self-absorption and the counting efficiency for α radiation is nearly 100%. Furthermore poor 
alpha energy resolution does not greatly affect the samples measured by LSC in this study, as it 
is known that 226Ra (and its alpha emitting progeny) are the only alpha emitting radionuclides 
present in solution. As long as the initial activity is known, a total alpha count can be equated to 
226Ra activity after secular equilibrium is reached5,134,135. 
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Table 16: Comparison of gamma spectrometry and LSC measurements of 226Ra in liquids 
Experiment Method  
(count time) 
Sample volume 
(mL) 
226Ra activity 
(Bq) 
Uncertainty 
(% 2σ)  
Coprecipitation Gamma spectrometry 
(4.4 hours) 
50 5 ~25 
Post-precipitation LSC  
(1 hour) 
0.25 5 ~0.01 
Overall the uncertainties for 226Ra measurements by LSC are much lower than when using 
gamma spectrometry. Table 16 shows an example from each method to illustrate this. It can be 
seen that although the sample volume is smaller for the LSC samples, the amount of 226Ra 
activity is the same for both the gamma spectrometry and LSC samples. Even with a much 
shorter count time, the % 2σ uncertainty in the measurement is orders of magnitude lower. As 
the uncertainty based on counting statistics is relatively high for gamma spectrometry, each 
coprecipitation experiment was performed in triplicate to give more confidence in the results. 
 
4.2.7 Mineralogy 
 
A Carl Zeiss (Leo) 1530 variable pressure high-resolution field emission gun SEM (scanning 
electron microscope) was used for visualising the radiobarite crystal form. The instrument 
includes an energy dispersive X-ray system for chemical analysis using an Oxford Instruments 
X-Max 80 mm2 detector. Samples were coated with a Au/Pd alloy to improve image quality. 
 
4.2.8 Method development 
 
4.2.8.1 Deciding reagent concentrations 
 
As discussed, initial barium concentrations and salinity were determined based on global 
analysis of flowback fluid. Deciding what range of sulphate concentrations should be used was 
a little more problematic. The range needed to both encapsulate different levels of Ra recovery 
and allow comparison at different ionic strengths. To do this, barite saturation indices were 
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determined for a range of sulphate quantities using the computational geochemical software, 
PHREEQC, in conjunction with the specific ion interaction (SIT) database. The range of SO42- 
concentrations needed to start where barite is supersaturated at both low and high ionic strength 
(without supersaturation no Ra recovery would occur). It therefore made sense to start with a 
concentration of SO42- which yielded a low barite SI in the high ionic strength system, where 
using the same quantity of SO42- in the low ionic strength system would also yield a 
supersaturated solution with respect to barite (Table 17). This equates to the lowest point at 
which comparisons could be made for Ra recovery at differing ionic strength. This proved to be 
a robust method for experimental design, yielding a large range of comparable Ra recoveries at 
each ionic strength, and could be used for determining reagent conditions in similar future 
experiments. 
 
Data for flowback fluid from an exploratory well in the Bowland Shale showed up to 90 
Bq/dm3 of 226Ra 43. To ensure relevance to UK conditions each experiment was spiked with a 
similar (~100 Bq/dm3) quantity of 226Ra. However, it was necessary to test whether this 
quantity of 226Ra would be measurable by gamma spectrometry within a reasonable count time 
in the event that 226Ra partitioned 50:50 into the solid and liquid phase. To test this, 50 Bq/dm3 
(2.5 Bq) of 226Ra was added to 50 mL of deionised water. The total measured 226Ra activity was 
sufficiently accurate at 2.65 ± 0.8 Bq after 16,000 s. A longer count time of 24 h was performed 
but this did not significantly improve either the accuracy or the 2σ uncertainty.      
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Table 17: SIT barite SI at varying SO42- concentrations 
SO42- concentration (mmol/dm3) SIT Barite SI 
0.22 mmol/dm3 Ba2+ and IS = 0.3 M 
0.1 1.05 
0.15 1.22 
0.35 1.59 
0.75 1.91 
1.5 2.20 
2.5 2.41 
7.0 2.80 
15 3.05 
35 3.26 
70 3.38 
0.22 mmol/dm3 Ba2+ and IS = 3 M 
0.1 0.25 
0.15 0.43 
0.35 0.80 
0.75 1.13 
1.5 1.43 
2.5 1.65 
7.0 2.09 
15 2.40 
35 2.73 
70 2.98 
 
4.2.8.2 Separation techniques 
 
After the addition of SO42- a separation technique was required to isolate the radiobarite 
crystals so that each fraction could be analysed independently. For the experiments using 0.22 
mmol/dm3 Ba2+ the amount of precipitate was not sufficient for separation by centrifugation to 
be practical. For centrifugation to be effective increased reagent quantities were required; 20 
mmol/dm3 of both Ba2+ and SO42- allowed the large majority of the solid to collect at the 
bottom of the centrifuge tube and for the liquid to be removed by pipette. For lower reagent 
concentrations where centrifugation is not an option, a Buchner funnel using a vacuum pump 
and Scienceware® filter paper discs (3 µm pore size) was used. This was ineffective as the 
majority of the crystals passed directly through the filter paper producing a very cloudy filtrate. 
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Ultrafiltration (Figure 40) was then attempted using pressurised N2 gas and an Isopore 
membrane filter (polycarbonate, hydrophilic, 0.22 µm pore size). Using this method separation 
was successful; on visual inspection the filtrate appeared completely clear.  
 
Figure 40: Ultrafiltration apparatus 
 
 
4.2.8.3 Gamma spectrometry geometry and reference materials 
 
Gamma spectrometry geometry is input into the analysis software. It includes the source 
geometry, the surrounding material and the relative position of the source, shielding and 
detector3. Once the geometry is described its accuracy must be determined using relevant 
reference standards. The source to detector distance can be edited in the geometry input to give 
a value of the radionuclide activity that is closest to the reference activity. The geometry for the 
liquid fraction was straightforward to construct, being a water-like fluid that occupied a 50 mL 
plastic cylindrical pot. 50 mL of liquid (1 M nitric acid) NPL standard containing a range of 
radionuclides with gamma emission spanning the full range was used (133Ba, 152Eu, 60Co, 134Cs, 
137Cs and 210Pb). The NPL assigned radionuclide activities and lab determined activities are 
shown in Table 18. The optimum input source to detector distance was determined as 7 mm. 
All lab determined radionuclide activities are very close to their assigned values; this gives 
confidence in the geometry input and therefore the reliability of the results discussed in this 
chapter.  
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Table 18: Assigned NPL and lab determined activities for liquid standard 
 
Radionuclide 
NPL assigned values Lab results (Gamma: 16,000 s) 
Activity Bq/g 2σ Activity Bq/g 2σ 
133Ba 7.4 0.05 7.2 0.5 
152Eu 15.3 0.1 15.5 0.8 
60Co 5.2 0.01 6.1 0.4 
134Cs 2.8 0.02 3.2 0.3 
137Cs 15.4 0.06 17.9 2.2 
210Pb 0.02 2.2 × 10-4 0.02 0.03 
 
 
The geometry of the solid dispersed on the Isopore membrane was inevitably less uniform than 
the liquid fraction. A simple geometry was described as a very thin disc with a very thin layer 
of sample evenly distributed on its surface. Experimentally, the solid fraction is unlikely to be 
this uniform. 3 g of international standard IAEA-434 cement156 containing 226Ra and 210Pb was 
sprinkled evenly over an Isopore membrane. This standard was chosen as it contains the actual 
radionuclide of interest (226Ra) in solid form. However the density of cement is somewhat less 
than that of pure barite; (0.5 g/cm3 as opposed to 4.5 g/cm3 159) which adds a degree of 
uncertainty. High standard reference material of exact sample composition is difficult to obtain. 
The optimum input source to detector distance was determined to be 6 mm. Again, both lab 
determined radionuclide activities are very close to their assigned values (Table 19); this gives 
confidence in the geometry input and therefore the reliability of the results discussed in this 
chapter. 
  
Table 19: Assigned IAEA and lab determined activities for solid standard 
 
Radionuclide 
IAEA assigned values Lab results (Gamma: 16,000 s) 
Activity Bq/g 2σ Activity Bq/g 2σ 
226Ra 0.68 0.06 0.62 0.24 
210Pb 0.78 0.06 0.83 0.17 
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4.3 Results 
 
4.3.1 Radium recovery by barite coprecipitation  
 
The initial experiments determined the optimum amount of SO42- required to remove the 
‘maximum’ amount of 226Ra2+ by barite coprecipitation at IS = 0.3 and 3 M. Where more SO42- 
was added, an increase in 226Ra2+ recovery was observed until a maximum of ~90% was 
achieved at each IS. At IS = 0.3 M, ~1.5 mmol/dm3 SO42- was required to reach this maximum 
(Figure 41A) whereas at IS = 3 M, ~15 mmol/dm3 SO42- was required (Figure 41B). Table 20 
displays the relevant data. The radiobarite crystals formed in the optimised coprecipitation 
process were imaged by SEM to compare particle size and shape. At IS = 0.3 M (Figure 42A) 
the crystals are of uniform size and euhedral, while at IS = 3 M (Figure 42B) the crystals are 
subhedral, predominantly larger and ill-formed. This illustrates the significant effect that 
salinity has on the coprecipitation process and crystal form and its direct effect on the amount 
of reagent required to maximise 226Ra2+ recovery. 
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Table 20: 226Ra2+ recovery by coprecipitation at IS = 0.3 and 3 M (all 0.22 mmol/dm3 Ba2+) 
SO42- 
(mmol/dm3) 
226Ra2+ recovery 
% ± 2σ* Mean % 
Low salinity (IS = 0.3 M) 
0.11 
21.9 ± 5.9 
12.0 9.5 ± 2.3 
4.6 ± 1.1 
0.18 
20.9 ± 5.6 
21.2 25.1 ± 7.4 
17.6 ± 4.7 
0.35 
70.8 ± 22.3 
64.5 66.0 ± 21.9 
56.8 ± 17.3 
0.75 
68.3 ± 22.4 
72.0 72.7 ± 21.6 
74.9 ± 21.9 
1.46 
92.5 ± 27.0 
91.4 103.7 ± 26.7 
78.0 ± 22.5 
2.54 
107.8 ± 27.7 
95.6 92.4 ± 24.9 
86.6 ± 22.7 
3.58 
84.3 ± 24.9 
89.6 73.0 ± 24.1 
111.7 ± 27.8 
High salinity (IS = 3 M) 
0.10 
5.9 ± 1.6 
5.7 8.1 ± 2.6 
3.1 ± 0.9 
0.15 
11.6 ± 3.7 
9.0 6.2 ± 2.0 
9.2 ± 2.5 
0.34 
13.1 ± 3.6 
11.5 10.8 ± 3.6 
10.6 ± 3.1 
1.49 
23.4 ± 8.2 
21.0 21.2 ± 7.3 
18.3 ± 6.1 
3.48 
48.1 ± 22.3 
44.0 42.3 ± 24.6 
41.6 ± 21.4 
7.15 
70.7 ± 22.9 
70.0 68.1 ± 19.9 
71.3 ± 26.5 
14.69 
111.6 ± 31.3 
98.4  93.3 ± 26.9 
90.2 ± 28.0 
35.46 
70.6 ± 26.0 
84.4 87.6 ± 28.7 
95.0 ± 29.0 
70.83 
89.9 ± 29.8 
96.6 103.2 ± 27.9 
96.8 ± 30.2 
* 2σ error based on counting statistics only
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Figure 41: 226Ra2+ recovery by barite coprecipitation at different solution conditions. A) IS = 0.3 M with 0.22 mmol/dm3 Ba2+ and varying SO42-. B) IS = 3 M with 0.22 
mmol/dm3 Ba2+ and varying SO42-. C) IS = 0.3 and 3 M with 5 mmol/dm3 Ba2+ and varying SO42-. D) IS = 0.3, 0.6, 1.5 and 3 M with 20 mmol/dm3 Ba2+ and SO42-. A number 
of results show 226Ra2 recovery over 100 %, which is a consequence of the 2σ error based on counting statistics only. 
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Experiments were conducted using higher concentrations of Ba2+ (5 mmol/dm3, as used by 
Zhang et al.91) for comparison. In this study however, a range of SO42- quantities (5, 1.25 and 
0.5 mmol/dm3) were added and Ba2+ removal was not kept constant. The experiments were 
conducted in pH ~6 solutions at IS = 0.3 and 3 M. Figure 41C indicates similar amounts of 
226Ra2+ are removed at each IS when adding the same SO42- quantity. In fact, at the two higher 
SO42- quantities, recovery of 226Ra2+ may have been more efficient at higher IS; the opposite 
effect to that observed in the initial experiments. In one case IS has the effect of decreasing 
226Ra2+ recovery and in another has the effect of increasing it or keeping it similar (when barite 
saturation is not kept constant); possible reasons for this observation are discussed in Sections 
4.4.1 and 4.4.4. Table 21 displays the relevant data. SEM imaging indicates that at IS = 0.3 and 
3 M (Figures 42C and 42D) the radiobarite crystals are of homogeneous size and some exist in 
a rough prismatic form but are overall subhedral in nature. These observations suggest that the 
initial concentration of Ba2+ also has a significant effect on crystal form and the role that 
salinity plays in the coprecipitation process. The 226Ra2+ recovery at both IS = 0.3 and 3 M 
when using 5 mmol/dm3 SO42- was comparable to the maximum determined in the initial 
experiments. 
 
Table 21: 226Ra2+ recovery by coprecipitation at IS = 0.3 and 3 M (all 5 mmol/dm3 Ba2+) 
SO42- (mmol/dm3) % 226Ra2+ recovery ± 2σ* 
Low salinity (IS = 0.3 M) 
0.50 24.4 ± 4.9 
1.25 38.5 ± 9.4 
5.00 94.6 ± 18.8 
High salinity (IS = 3 M) 
0.50 22.5 ± 4.4 
1.25 43.6 ± 10.0 
5.00 99.6 ± 20.7 
* 2σ error based on counting statistics only. 
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Figure 42: High-resolution SEM images of the radiobarite crystals formed in IS = 0.3 and 3 M solutions at different initial Ba2+ concentrations. A) IS = 0.3 M with 
0.22 mmol/dm3 Ba2+ and ~1.5 mmol/dm3 SO42-. B) IS = 3 M with 0.22 mmol/dm3 Ba2+ and ~15 mmol/dm3 SO42-. C) IS = 0.3 M with 5 mmol/dm3 Ba2+ and 0.5 mmol/dm3 
SO42-. D) IS = 3 M with 5 mmol/dm3 Ba2+ and 0.5 mmol/dm3 SO42-. 
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Ultrafiltration was required to separate the solid and liquid phase, as the quantity of radiobarite 
was too small in all previous experiments for centrifugation to be effective. This would be 
impractical in industry. Instead the reagent quantities could be increased to a level appropriate 
for centrifugation. Experiments using higher concentrations of both Ba2+ and SO42- (20 
mmol/dm3) were conducted at IS = 0.3, 0.6, 1.5 and 3 M. Figure 41D shows levels of 226Ra2+ 
recovery (mean = 89%) comparable to those observed in the initial experiments. At these 
reagent concentrations 226Ra2+ recovery appears independent of IS. 
 
4.3.2 Kinetics of radium recovery by barite post-precipitation 
 
After the optimised coprecipitation process, more 226Ra2+ was added and its aqueous 
concentration monitored over time at IS = 0.3 and 3 M to determine the rate at which the 
remaining 226Ra2+ would be removed from solution. Measurement was restricted to 14 days as 
in industry it is important to minimise recovery time. Figure 43 shows a pattern of diminishing 
returns in 226Ra2+ recovery by post-precipitation at each IS. The rate was faster in the first 24 
hours then dropped significantly over 14 days. The rate of 226Ra2+ recovery at IS = 0.3 M 
(Figure 43A) was faster than at IS = 3 M (Figure 43B); the difference was more pronounced in 
the first 24 hours. Radium-226 recovery after 24 hours was 80% and 63% for IS = 0.3 and 3 M 
respectively. After 14 days >80% of the 226Ra2+ was recovered, slightly more 226Ra2+ being 
removed at IS = 0.3 M. Coprecipitation together with 14 days of post-precipitation therefore 
yields an overall recovery of ~98%. Table 22 displays the relevant data. 
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Table 22: 226Ra2+ recovery by post-precipitation at IS = 0.3 and 3 M (all 0.22 mmol/dm3 
Ba2+) 
Sampling  
interval 
 
% 226Ra2+ recovery ± 2σ* 
Low salinity (IS = 0.3 M), 1.5 mmol/dm3 SO42- † High salinity (IS = 3 M), 15 mmol/dm3 SO42- † 
30 m 26.3 ± 0.2 5.1 ± 0.03 
1 h 39.0 ± 0.3 6.2 ± 0.04 
2 h 40.7 ± 0.3 13.1 ± 0.1 
3 h 59.4 ± 0.6 16.6 ± 0.1 
6 h 60.4 ± 0.6 30.3 ± 0.2 
24 h 79.9 ± 1.1 63.4 ± 0.6 
48 h  84.4 ± 1.3 68.9 ± 0.8 
3 d 86.0 ± 1.4 72.7 ± 0.8 
4 d 86.7 ± 1.4 74.0 ± 0.9 
7 d 87.3 ± 1.5 76.3 ± 1.0 
14 d 86.1 ± 1.4 80.1 ± 1.1 
* 2σ error based on counting statistics only. †Amount of SO42- used to precipitate barite before 
addition of 226Ra2+. 
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Figure 43: 226Ra2+ recovery by barite post-precipitation at different solution conditions (any remaining 226Ra2+ after barite coprecipitation will continue to be 
removed at this rate). A) IS = 0.3 M with ~0.22 mmol/dm3 barite (0.22 mmol/dm3 Ba2+ + 1.5 mmol/dm3 SO42-). B) IS = 3 M with ~0.22 mmol/dm3 barite (0.22 mmol/dm3 
Ba2+ + 15 mmol/dm3 SO42-). All 2σ error is based on counting statistics only. 
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4.4 Discussion 
 
4.4.1 Radium recovery by barite coprecipitation 
 
Radium-226 recovery by barite coprecipitation has been optimised and its efficiency is 
significantly affected by salinity. At 0.22 mmol/dm3 Ba2+, higher salinity systems require 
substantially more SO42- to achieve a maximum 226Ra2+ recovery of ~90% (Figures 41A and 
41B). This is likely to be due to the activity of the Ba2+ and SO42- ions in solution being 
reduced by the competing ions110,111 (Na+ and Cl-); less precipitation of barite results in less 
association of 226Ra2+ within the carrier matrix. The opposite effect can be observed when a 
larger excess of Ba2+ (5 mmol/dm3) is present, where higher IS results in similar or in some 
cases possibly improved recovery of 226Ra2+ (Figure 41C); possible explanations for this are 
discussed in the next paragraph. In all experiments at both 0.22 and 5 mmol/dm3 Ba2+, ~15 
mmol/dm3 SO42- is sufficient to recover the maximum amount of 226Ra2+. 
 
Ionic strength can also affect 226Ra2+ recovery by a reduction in the rate of barite crystal growth 
allowing more time for lattice replacement of Ba2+ for 226Ra2+ 125–129 and by a reduction in 
crystal-solution interfacial tension which increases the probability of the Ra2+ reaction with the 
barite lattice128–130. The observation that at 5 mmol/dm3 Ba2+, increasing IS sometimes 
increases 226Ra2+ recovery (or results in similar recovery) is most likely to be due to the 
increase in lattice replacement and reduction in crystal-solution interfacial tension and is 
supported by experiments conducted by Zhang et al.91. Zhang et al.91 kept Ba2+ removal 
constant and therefore a similar amount of barite precipitate existed across the range of IS. In 
this study, Ba2+ removal is not kept constant and the amount of barite precipitate will vary at 
each IS. Even so, at higher IS the effects discussed here and by Zhang et al.91 appear large 
enough to counteract the lower quantity of barite that is precipitated, resulting in the observed 
recovery of 226Ra2+. This observation is further discussed in Section 4.4.4 in relation to crystal 
growth kinetics. 
 
Using 20 mmol/dm3 of both Ba2+ and SO42-, recovery of 226Ra2+ from these fluids by barite 
coprecipitation was comparably efficient at ~89% (Figure 41D). These reagent concentrations 
make centrifugation more practical and would contribute towards masking the effects of other 
constituents on the 226Ra2+ recovery process in a real flowback fluid. For example, the presence 
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of strontium may suppress the uptake of 226Ra2+ from solution due to the large size mismatch of 
Sr2+ and 226Ra2+ 91,173,120 as shown in Table 8, Section 1.6.3, and the presence of other 
competing ions will increase barite solubility110. However when overdosing the system with 
excess reagent, cost may be a consideration. 
 
4.4.2 Kinetics of radium recovery by barite post-precipitation 
 
The kinetic experiment (Figure 43) shows a pattern of diminishing returns on the rate of 226Ra2+ 
recovery. The rate is relatively fast in the first 24 hours, then decreases over 14 days at each IS. 
This significant decrease in rate is in agreement with the findings of Bosbach et al.171 who used 
a higher concentration of preformed barite (2.3 mmol/dm3) in IS = 0.1 M solutions (Figure 44). 
 
Figure 44: Bosbach et al.171 experiments - aqueous 226Ra2+ activity vs. time, using two different 
types of preformed barite. Measurement was made by both α spectrometry and LSC 
indicated in the legend  
 
 
Bosbach et al.171 observed a decrease in 226Ra2+ activity by around 2 orders of magnitude 
within the experimental timeframe with both types of barite (purchased from Sigma Aldrich 
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and Sachtleben). As the experiments were only sampled three times between 390 and 436 days, 
there are not sufficient 226Ra2+ analyses to validate complete thermodynamic equilibrium, but it 
appears that a stationary 226Ra2+ concentration may take > 100 days (discussed further in 
Section 4.4.3 on geochemical modelling). 
 
In this study, the slower rate of 226Ra2+ recovery at IS = 3 M could again be due to an increase 
in competing ions decreasing electrolyte activity110,111. This may increase the solubility of 
barite and increase dissolution rates129. Crystal form might also be a contributing factor 
(Figures 42A and 42B). The smaller, uniform crystals in the lower IS system would provide a 
larger surface area for adsorption of 226Ra2+. Although 226Ra2+ recovery has been shown to 
proceed significantly beyond pure surface adsorption processes over a year or more171, it is 
likely to be less significant over 14 days. 
 
4.4.3 Geochemical modelling 
 
Geochemical modelling was conducted in order to determine ion activities, barite SI (saturation 
indices) and quantities, and to describe the Ba1-xRaxSO4 solid solution. PHREEQC174 was used 
in conjunction with the SIT (specific ion interaction theory)107,108 database which contains the 
thermodynamic properties of Ra 59 and is applicable at low and high IS, as discussed in Section 
1.6.1. The thermodynamic description of the Ba1-xRaxSO4 solid solution follows a regular solid 
solution model as reported in various studies163,171,172. Zhu et al.163 describe a semi-empirical 
model of the Ba1-xRaxSO4 solid solution, which could be used to predict 226Ra2+ recovery. The 
model uses the Margules interaction parameter (W). W denotes the energy necessary to 
interchange one mole of RaSO4 with one mole of BaSO4 in the mixture without changing its 
composition128. It is based on correlation between the standard Gibbs free energy of formation 
(ΔGf0) and volumetric mismatch between the two substituting end-members. Zhu et al.163 
estimated W to be 0.88 kJ/mole which corresponds to a dimensionless Guggenheim parameter 
(a0) of 0.36 (defined as W/RT0 175, where T0 is the standard temperature of 298.15 K and R is 
the gas constant). PHREEQC requires input of an a0 value to apply this model. 
 
A number of studies have noted that this value of a0 is significantly smaller than those 
extrapolated from experimental data171,172. Most recently Vinograd et al.164 concluded that the 
W parameter computed by Zhu et al.163 could serve only as the lower limit of the true value, 
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and postulated a new value of a0 = 1 ± 0.4. This value is consistent with the stationary aqueous 
226Ra2+ concentration measured by Bosbach et al.171 in their post-precipitation experiments. It 
should be noted therefore, that this value was validated in a post-precipitation system rather 
than a system in which 226Ra2+ is predominantly removed from solution by coprecipitation. 
This study has applied the model using a0 = 1 ± 0.4 to both the co- and post-precipitation 
systems. Figure 45 displays a PHREEQC input example (a0 is highlighted in green) and Tables 
23 and 24 show the relevant PHREEQC output. 
 
Figure 45: Example PHREEQC input showing solid solution format 
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Table 23:  PHREEQC output for 226Ra2+ recovery by coprecipitation at IS = 0.3 and 3 M 
(all 0.22 mmol/dm3 Ba2+) 
Initial SO42-
conc. 
(mmol/dm3) 
Precise 
IS (M) 
 
Ion activity (mmol/dm3) 
Barite SI 
 
Theoretical 
%  
226Ra2+ 
recovery  
(a0 = 1) 
 
 
226Ra2+ xi for 
Ba1-xRaxSO4  
(a0 = 1) Ba2+ SO42-  
Low salinity (IS = 0.3) 
0.11 0.29 0.06 0.02 1.11 35.3 4.15E-08 
0.18 0.29 0.06 0.04 1.33 60.3 4.67E-08 
0.35 0.29 0.06 0.08 1.63 92.1 5.33E-08 
0.75 0.29 0.06 0.17 1.96 97.8 5.45E-08 
1.46 0.29 0.06 0.34 2.23 99.0 5.48E-08 
2.54 0.29 0.05 0.58 2.46 99.5 5.49E-08 
3.58 0.29 0.05 0.82 2.59 99.6 5.49E-08 
High salinity (IS = 3) 
0.10 3.02 0.04 0.01 0.26 4.8 1.64E-08 
0.15 3.02 0.04 0.01 0.44 11.1 1.90E-08 
0.34 3.02 0.04 0.02 0.79 38.5 3.01E-08 
1.49 3.02 0.04 0.08 1.42 85.2 4.90E-08 
3.48 3.03 0.04 0.18 1.79 93.8 5.25E-08 
7.15 3.04 0.04 0.38 2.09 97.0 5.38E-08 
14.69 3.07 0.04 0.77 2.39 98.5 5.44E-08 
35.46 3.15 0.04 1.82 2.73 99.3 5.47E-08 
70.83 3.28 0.03 3.52 2.97 99.6 5.49E-08 
xi = mole fraction. a0 = non-dimensional Guggenheim parameter 
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Table 24: PHREEQC output for 226Ra2+ recovery by coprecipitation at IS = 0.3 and 3 M 
(all 5 mmol/dm3 Ba2+) 
Initial SO42-
conc. 
(mmol/dm3) 
Precise 
IS (M) 
 
Ion activity (mmol/dm3) 
Barite SI 
 
Theoretical 
%  
226Ra2+ 
recovery  
(a0 = 1) 
 
 
226Ra2+ xi for 
Ba1-xRaxSO4  
(a0 = 1) Ba2+ SO42-  
Low salinity (IS = 0.3) 
0.50 0.301 1.28 0.10 3.07 6.6 1.61E-09 
1.25 0.303 1.26 0.25 3.46 17.6 1.70E-09 
5.00 0.312 1.14 1.00 4.02 98.7 2.41E-09 
High salinity (IS = 3) 
0.50 3.037 0.99 0.03 2.30 2.8 6.85E-10 
1.25 3.040 0.99 0.07 2.70 8.0 7.77E-10 
5.00 3.053 0.98 0.26 3.29 92.0 2.28E-09 
xi = mole fraction. a0 = non-dimensional Guggenheim parameter 
 
Barite SI are significantly reduced in all experiments at higher IS due to a reduction in Ba2+ and 
SO42- ion activities. Under optimised coprecipitation conditions (at 0.22 mmol/dm3 Ba2+), 
similar barite SI of 2.2 and 2.4 were observed at IS = 0.3 and 3 M respectively. This shows that 
226Ra2+ recovery is largely dependent on the amount of barite that can precipitate, as suggested 
above. At 5 mmol/dm3 Ba2+ the barite SI are >2.2, so it may be expected that the maximum 
removal of 226Ra2+ would easily be achieved in these experiments. However, at 0.5 and 1.25 
mmol/dm3 of SO42-, <50% of the 226Ra2+ has coprecipitated into the barite. The barite SI 
therefore cannot solely be relied upon to predict the amount of 226Ra2+ that will be recovered 
from solution; the initial Ba2+ concentration must also be considered. It appears that at the 
lower concentration of Ba2+, a lower barite SI is required to reach the determined maximum 
226Ra2+ recovery. Possible explanations for this are discussed in Section 4.4.4 relating to barite 
crystal growth kinetics. 
 
The theoretical % 226Ra2+ recovery was computed and compared with experimental values from 
the coprecipitation experiments (Figure 46). At intermediate barite SI in 0.22 mmol/dm3 Ba2+ 
solutions, experimental values are substantially lower than the theoretical predictions (Figures 
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46A and 46B). It appears to be more accurate at the extremes of barite SI (<0.5 and >2) where 
either very little or maximum 226Ra2+ is recovered. The main drawback with the model is that it 
assumes complete thermodynamic equilibrium163,164,171,172. The discrepancy between the 
theoretical and experimental results can therefore be interpreted as partial equilibrium of the 
barite crystals. In contrast, at 5 mmol/dm3 Ba2+ (Figures 46C and 46D) the model tends to 
underestimate 226Ra2+ recovery at the two lower barite SI. This could be due to the effect of 
coprecipitation not directly being addressed by the model i.e. more 226Ra2+ is recovered during 
coprecipitation than may be present in the solid at thermodynamic equilibrium.  
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Figure 46: Theoretical vs. experimentally determined % 226Ra2+ recovery at different solution conditions. A) IS = 0.3 M with 0.22 mmol/dm3 Ba2+ and varying SO42-. 
B) IS = 3 M with 0.22 mmol/dm3 Ba2+ and varying SO42-. C) IS = 0.3 M with 5 mmol/dm3 Ba2+ and varying SO42- D) IS = 3 M with 5 mmol/dm3 Ba2+ and varying SO42-. A 
and B show the experimental mean whereas C and D show a single experimental result with a 2σ error based on counting statistics only. Theoretical values are based on a0 = 
1 ± 0.4. 
 
 123 
Because the model does not directly consider coprecipitation it should be more applicable when 
predominantly post-precipitation has taken place, provided that the crystals are fully 
equilibrated. This is unlikely over 14 days as >100 days (as shown by Bosbach et al.171) may be 
required to achieve thermodynamic equilibrium171,164. Bosbach et al.171 used a very similar 
geochemical model to that used in this study to estimate equilibrium conditions in their system. 
Initially, their study used the theoretical dimensionless Guggenheim parameter determined by 
Zhu et al.163 (a0 = 0.36). As already stated, this value was found to be inadequate to describe 
complete thermodynamic equilibrium unless only 20 % of the barite crystals had equilibrated 
after > 100 days (Figure 47). 
 
Figure 47: Bosbach et al.171 experiments - aqueous 226Ra2+ concentration vs. time. 
Calculated 226Ra2+ concentrations are shown for partial (20, 30 and 50 %) and full 
equilibration, relating to a0 = 0.36.   
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Bosbach et al.171 concluded that whether or not the value of a0 = 0.36 is valid, the equilibration 
between aqueous 226Ra2+ and the solid over the 435 day time period, involves a substantial 
fraction of the barite crystals and proceeds significantly beyond pure surface adsorption 
processes. As already discussed Vinograd et al.164 has since postulated a new value of a0 (1 ± 
0.4) which is consistent with the stationary aqueous 226Ra2+ concentration measured by 
Bosbach et al.171 after >100 days. 
 
In an industrial setting, leaving the system to equilibrate over > 100 days would almost 
certainly not be viable. In this study, the model predicts 98-99% 226Ra2+ recovery at 
thermodynamic equilibrium at each IS. Recovery of 86% at 0.3 M and 80% at 3 M were 
reached over 14 days, suggesting these systems were not at thermodynamic equilibrium 
although a substantial fraction of the 226Ra2+ has been removed from solution. 
 
4.4.4 Observations explained by barite crystal growth kinetics 
 
This section presents a rationale for a number of interesting observations made in this study. 
Why, at higher initial Ba2+ concentration, are higher barite SI required to reach comparable 
226Ra2+ recovery? The answer may lie with how the total ion concentrations and cation:anion 
ratio affect crystal growth kinetics. A study conducted by Putnis et al.176 highlights the effect of 
the cation:anion ratio on barite crystal growth rate at constant barite SI onto a preformed barite 
surface. For both barite SI studied by Putnis et al.176 (0.86 and 1.1), the velocity of step 
advancement changes with varying stoichiometry (r = aBa / aSO4). Maximum growth rate occurs 
at non-equimolar activity ratio (r ≠ 1) and corresponds to a solution composition where Ba2+ 
activity is in excess (r > 1) i.e. they observed a faster rate when Ba2+ was in excess than when 
SO42- was in excess (Figure 48). 
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Figure 48: Dependence of barite crystal growth rate on the barite lattice ion activity 
ratio176 
 
       (aBa / aSO4) 
 
The difference in barite crystal growth rate can be explained by the rates of different growth 
modes that are dominant at varying cation:anion ratios. Putnis et al.176 analyse barite crystal 
growth using atomic force microscopy (AFM). Figure 49 displays the AFM deflection images. 
At r < 0.24 preexisting cleavage step advancement was shown to be mostly responsible for 
crystal growth (Figure 49a). At r > 0.24 two-dimensional island nucleation and spreading was 
the dominant growth mode and a general tendency for island nucleation rates to increase with 
increasing Ba2+ activity was observed (Figures 49b and c). At r > rmax (maximum step growth 
velocity at a given barite SI) it was shown that very high-density two-dimensional nucleation 
can occur (Figures 49d and e). 
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Figure 49: AFM deflection images showing barite growth on barite surfaces at constant barite 
SI (1.1) and varying r, aBa / aSO4. a) r = 0.24, b) r = 1, c) r = 4.1, d) r = 19.2, e) r = 1480 176 
 
Scale bars = 2.5 µm 
 
Further observations made by Putnis et al.176 and molecular simulations performed by Piana et 
al.177 confirm that water molecules tightly bound to the barite surface and surrounding the Ba2+ 
cation effectively prevent the latter from reaching a growth site, while the barrier for diffusion 
of SO42- anions to the crystal surface is much smaller. Consequently attachment of the Ba2+ 
cation may be an activated and rate-limiting process for two-dimensional nucleation. In 
summary these studies176,177 tell us that, due to the attachment of the Ba2+ at a barite surface 
being rate-limiting, barite crystal growth rate is faster when Ba2+ is in excess with respect to 
SO42-. It should be noted that the Putnis et al.176 experiments are all performed in the presence 
of a preformed barite surface whereas in this study no barite is initially present. However, 
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experimental observations made by Piana et al.177 regarding barite crystal growth in 
methanol/water mixtures, where surface and Ba2+ solvation is less apparent, indicate the 
desolvation of the crystal surface and cation are a relevant kinetic step when grown from 
solutions not containing preformed barite. The observations of Piana et al.177 were made at low 
to moderate barite supersaturation which are in the range of barite SI observed in this study.  
 
Observations from both studies176,177 can therefore provide the following possible explanation 
as to why, at higher initial Ba2+ concentration, higher barite SI are required to reach comparable 
226Ra2+ recovery. Ba2+ attachment at a barite surface may be the rate-limiting step in crystal 
growth of barite. An increase in initial Ba2+ concentration will therefore increase the rate of 
crystal growth by a greater amount than a similar increase in SO42- concentration. This suggests 
that when using the higher Ba2+ concentrations in this study, the rate of crystal growth will be 
faster which allows less time for lattice replacement of Ba2+ for 226Ra2+ as discussed by Zhang 
et al.91. Therefore a higher barite SI (more barite precipitation) will be required at higher Ba2+ 
concentrations to reach comparable 226Ra2+ recovery to that achieved with lower initial Ba2+ 
concentrations.  
 
If the attachment of Ba2+ at a barite surface is rate-limiting, this may also partly explain why IS 
can have the opposite effect on 226Ra2+ recovery at different initial Ba2+ concentrations (when 
barite SI is not kept constant). At the higher Ba2+ concentration (5 mmol/dm3) crystal growth 
rate is likely to be faster, and may be diffusion-controlled, therefore increased IS will slow the 
rate and allow more time for lattice replacement of Ba2+ for 226Ra2+. At the lower Ba2+ 
concentration (0.22 mmol/dm3) crystal growth rate is already likely to be slow enough for 
substantial lattice replacement to occur. Therefore, increasing the IS may only serve to decrease 
electrolyte activity and reduce barite saturation, removing less 226Ra2+ from solution in the 
process. Relevant examples from this study are shown in Table 25. At both concentrations of 
Ba2+ the barite SI decreases with increasing IS due to a decrease in the activity of Ba2+ and 
SO42-. At 0.22 mmol/dm3 Ba2+ (low Ba2+, SO42- in excess) 226Ra2+ recovery decreases with 
increasing IS, probably due to less precipitation of barite.  At 5 mmol/dm3 Ba2+ (high Ba2+, 
Ba2+ in excess) 226Ra2+ recovery may increase or remain similar with increasing IS, even with a 
lower barite SI. In summary, it appears that 226Ra2+ recovery is principally dependent on two 
factors: the amount of barite that can precipitate (barite SI) and the rate of barite crystal growth. 
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Table 25: Examples from this study showing the different effect IS can have on 226Ra2+ 
recovery at varying initial Ba2+ concentrations (not at constant barite SI) 
Ba2+ activity 
(mmol/dm3) 
SO42- activity 
(mmol/dm3) 
r 
(aBa / aSO4) 
Barite  
SI 
IS  
(M) 
% 226Ra2+ 
recovery 
0.22 mmol/dm3 Ba2+ and ~3.5 mmol/dm3 SO42- 
0.05 0.82 0.06 2.59 0.3 89.6 
0.04 0.18 0.2 1.79 3 44.0 
5 mmol/dm3 Ba2+ and 1.25 mmol/dm3 SO42- 
1.26 0.25 5.0 3.46 0.3 38.5 
0.99 0.07 14.1 2.70 3 43.6 
 
Another interesting observation which requires explanation is that the crystal morphology in 
the optimised 226Ra2+ recovery experiments between IS = 0.3 and 3 M (Figure 42A and 42B) is 
remarkably different at very similar barite SI (2.2 and 2.4 respectively). Ionic strength can 
affect barite crystal growth rate in a number of ways. An increase in IS will result in a decrease 
in electrolyte activity and consequently a reduction in nucleation rate if the rate of crystal 
growth is diffusion-controlled. This can affect crystal morphology126,178. An increase in IS can 
also lead to increased island spreading and monolayer step velocity on a preformed barite 
surface, at constant barite SI, as shown by Risthaus et al.129. Risthaus et al.129 demonstrated that 
each growth element did not increase by the same factor in all crystallographic directions; the 
island morphology and the aspect ratio of the crystals changed depending on IS. This could also 
explain the observed difference in crystal morphology shown in Figures 42A and 42B. 
 
4.4.5 Summary of effects on radium recovery 
 
The observations and reasoning in the previous sections may seem a little complex; this 
summary will attempt to make them clearer. Both the quantity of barite precipitated and the rate 
of crystal growth have an impact on radium recovery. The rate of crystal growth is affected by 
both the initial Ba2+:SO42- ratio and ionic strength. Table 26 displays a summary of these effects 
using examples from experiments at low and high Ba2+, and at low and high ionic strength. 
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Table 26: Summary of effects on radium recovery 
 Low barium High barium 
Reagents (mmol/dm3) Ba2+ = 0.22; SO42- = 1.5 Ba2+ = 5; SO42- = 1.25 
 
 
 
Likely rate limiting step 
Desolvation of Ba2+ limits the rate of crystal growth Diffusion controlled growth 
Ionic strength (M) 0.3 3 0.3 3 
 
 
Depiction of ion interactions (H2O 
solvation not shown) 
 
Crystal growth rate description 
Rate is slow due to low Ba2+ 
concentration but sped up by low 
ionic strength 
Rate is very slow due to low Ba2+ 
concentration and high ionic strength 
 
Rate is very fast due to high Ba2+ 
concentration and low ionic strength  
Rate is fast due high Ba2+ 
concentration but slowed down by 
high ionic strength  
 
Amount of barite precipitate (barite SI) Moderate (2.2) Low (1.4) Very high (3.5) High (2.7) 
 
 
 
Recovery of 226Ra 
 
 
91 % 21 % 39 % 44 % 
226Ra recovery is predominantly dependent on the quantity of precipitated 
barite. Less precipitation at higher ionic strength results in much less 
coprecipitation. The rate at low ionic strength is slow enough for 
considerable lattice replacement to occur. 
226Ra recovery is dependent on both the quantity of precipitated barite and 
the rate of crystal growth. Slower rate at higher ionic strength allows more 
time for lattice replacement but reduced precipitation prevents a significant 
increase in 226Ra recovery. 
 
Ba2+	
H2O	
SO42-	
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4.4.6 Comparison of barite saturation indices calculated from SIT and Pitzer models 
 
The SIT equations and database107,108 were used in this study because they are valid at high IS 
and contain thermodynamic data for Ra 59. However Pitzer equations are widely accepted to be 
the most accurate for calculating activity coefficients at high IS91,109,110. The Pitzer database, 
however, is only populated with thermodynamic data for a relatively small number of elements. 
226Ra is not present in the Pitzer database, so the SIT database was judged to be the most 
applicable overall. Thermodynamic data for barium, sulphate and barite are present in the 
Pitzer database and therefore a comparison can be made between the barite SI of the two 
models. 
 
As already discussed, in these low Ba2+ experiments, the amount of 226Ra recovery is probably 
largely dependent on the amount of barite that can precipitate. Similar SIT barite SI were 
calculated at each IS when optimum Ra recovery was achieved (~90 %), which supports this 
interpretation. Figure 50A plots SIT barite SI against % 226Ra recovery for experiments using 
0.22 mmol/dm3 Ba2+ in which very similar amounts of 226Ra recovery were observed, enabling 
direct comparison. The black rings in Figure 50 show experiments in which very similar 226Ra 
recovery was observed at each IS. The pairs appear relatively close in terms of SIT barite SI, 
apart from one set at the low end of 226Ra recovery (Figure 50A). In the equivalent Pitzer plot 
(Figure 50B) the barite SI move even closer together and are in some cases almost identical. As 
Pitzer equations are widely accepted to be the most accurate when calculating ion activity 
coefficients and therefore mineral saturation indices, they lend further support to the 
interpretation. 
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Figure 50: Comparison of SIT (A) and Pitzer (B) barite SI at similar Ra recovery 
 
 
4.4.7 Resulting aqueous and solid waste 
 
Approximately 10% of the initial 226Ra2+ may remain in solution after a single coprecipitation 
step. The national exemption limit for aqueous radioactive waste discharge in the UK is 0.01 
Bq/dm3 12. Thus, for all flowback fluids analysed for 226Ra2+ in the UK’s Bowland Shale43 (14–
90 Bq/dm3), ~90% recovery, while highly effective, will not be sufficient. For comparison, 
some but not all of the flowback fluids from the USA’s Marcellus Shale28 (226Ra2+ = 0.002–629 
Bq/dm3) will comply with the USA exemption limit of 2.22 Bq/dm3 74. 
 
If >90% 226Ra2+ recovery is sought, a subsequent coprecipitation step requiring additional Ba2+ 
and SO42- may result in a comparable percentage (~99% 226Ra2+ recovery overall). 
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Alternatively the system could be allowed to remove more 226Ra2+ by barite post-precipitation. 
However this process is much slower than coprecipitation, which could be considered to be 
almost instantaneous. It could take >7 days to gain >80% recovery of the remaining 226Ra2+ 
using post-precipitation (~98% 226Ra2+ recovery overall) at the studied barite concentration, as 
shown in Figure 43. Increasing the barite concentration may increase the rate of 226Ra2+ 
recovery but would not approach the rate of coprecipitation91,164,171.  
 
The resulting radiobarite waste also needs to be considered, as the majority of the initial 226Ra2+ 
is now present in this phase. According to the model, the optimised coprecipitation experiments 
would result in 0.22 mmol/dm3 (51 mg/dm3) of barite precipitate at IS = 0.3 and 3 M.  With a 
typical initial aqueous 226Ra2+ concentration of ~100 Bq/dm3, a recovery of ~90% will produce 
barite containing ~90 Bq of 226Ra2+ with a specific activity of ~1.75 kBq/g. While the specific 
activity is high, the volume and therefore total activity will be relatively low (equal to the 
amount removed from the fluid). The process begins with a large volume of low activity waste 
and results in a much smaller volume of high specific activity waste. Increasing the amount of 
reagent will reduce the specific activity but increase the waste volume. For example, 20 
mmol/dm3 (4.7 g/dm3) of barite precipitate would yield a specific activity of ~19.3 Bq/g at 
~90% 226Ra2+ recovery. In practice, a balance will be struck to yield a waste form which is both 
easy to handle and relatively inexpensive to dispose of e.g. at a licensed landfill or by 
incineration. 
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5. Groundwater monitoring in 
relation to shale gas development in 
the Bowland Shale 
 
 134 
5.1 Background 
 
The Bowland Shale in the Fylde (North-West England) has a high shale gas prospectivity87 and 
may be subject to fracking in the future. When using acids at higher temperatures and 
pressures, the fracking process is likely to mobilise a greater proportion of the U and Th series 
ions than conventional extraction, as seen frequently in mineral processing39–41. Already we 
have seen that fracking has resulted in enhanced concentrations of 226Ra (14 – 90 Bq/dm3) 
being found in flowback fluid from Preese Hall Farm; the only site that has currently been 
fracked in the UK43. It is possible that the process of fracking could lead to elevated levels of 
Ra (226Ra and to a lesser extent 228Ra) and other constituents, in excess of notifiable levels in 
drinking water, being found in local groundwater. If there is a possibility that groundwaters 
could be contaminated, it is vital that their baseline characteristics are better understood. 
 
This study is predominantly concerned with the potential for radioactive contamination. 
Uranium and Ra in groundwater can arise from natural sources, resulting from the interaction 
of groundwater with U/Ra bearing materials such as rocks, soil and ore bodies. Groundwater 
will percolate through these materials and bring an amount of each radionuclide into solution. 
The amount will depend on availability and solubility of the radionuclide in the rock, rock 
permeability and the conditions of the water (e.g. acidity and redox).  All of these parameters 
are highly variable and explain why groundwater 226Ra and its head of chain, 238U, are not 
usually found in secular equilibrium and may differ by 3 – 5 orders of magnitude179–181. 
 
Redox conditions strongly affect the chemistry of U5,22,60,61,62 which has two oxidation states, 
IV and VI, that are geochemically relevant. The third valence state, V, is of only minor 
importance. Although the amount of U found in groundwater will largely depend on the total 
inventory in the parent rock, more oxidising and more acidic conditions generally lead to a 
greater amount of aqueous U in groundwater as discussed in Section 1.4.4.2. Studies have 
shown positive correlation between U and Eh (redox) in groundwater182. Alkalinity is likely to 
be another important factor in regulating the concentrations of U in groundwater. This is due to 
the formation of carbonate complexes of U(VI), which maintain U in soluble form. It is well 
established that U(VI) carbonate complexes do not strongly adsorb to minerals and mineral 
oxides (e.g. iron oxides / hydroxides182–186, quartz, montmorillonite and clinoptilolite187) in the 
pH range (6 – 8) of most groundwaters. 
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Radium is only present in the 2+ oxidation state. Its aqueous concentration, although like U 
chiefly dependent on the total Ra inventory of the local geology, is largely related to the 
quantity that can coprecipitate with barite31,38, as described in Sections 1.4.4.1 and 1.6.3. 
Radium concentrations in groundwater are also limited by adsorption onto solid phases, which 
is thought to be associated with higher salinity (electrical conductivity)58,59,180,188–190. This has 
been interpreted as a result of competition between Ra2+ and other cations (e.g. Ca2+, Sr2+, 
Ba2+) for adsorption sites on solids, resulting in an enhancement of Ra2+ solubility191. 
Consequently aqueous Ra2+ concentrations have also been found to correlate well with these 
other alkaline earth elements. Another study192 found no correlation with salinity but a positive 
correlation between high Ra2+ and low pH (< 5).  This was interpreted as being due to 
decreased adsorption, this time onto iron-oxyhydroxide surfaces that have a positive charge at 
such low pH. 
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5.2 Materials and methods 
 
5.2.1 Sampling of groundwaters 
 
Groundwater sampling was carried out in the Fylde’s Bowland Shale. Samples were obtained 
by the BGS throughout spring and autumn 2015 and by an E&P oil and gas company in autumn 
2015. Twenty-three groundwater samples were collected in total and brought together for this 
study. Samples were taken from a variety of locations from the region shown in Figure 51 
(individual sites anonymised). Samples were taken in the immediate area around Preese Hall 
Farm but were not limited to this area. Host aquifers included the Triassic Sherwood 
Sandstone, glacial drift and Mercia Mudstone. It should be noted that the sampled sites are not 
necessarily prospective fracking sites. At least 2 L of sample were taken from each site and 
stored in a refrigerator at ~1.5 oC prior to analysis. The groundwaters were analysed for major 
ion chemistry, trace metals and, most importantly for this study, radionuclides (e.g. 238U and 
226Ra). 
 
Figure 51: Groundwater sampling region in the Bowland Shale, West Lancashire 
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5.2.2 Chemical composition of groundwaters 
 
Uranium-238, 232Th and other non-radioactive elements at µg/dm3 level were measured using 
an Agilent Technologies 7700 Series ICP-MS. Elements present at mg/dm3 levels were 
measured using a Thermo Scientific iCAP 6000 series ICP-OES. The anions F-, Cl-, Br-, NO2-, 
NO3-, PO43- and SO42- were measured using a Thermo Scientific Dionex ion chromatograph 
(IC) DX-100, fitted with an IonPac AS4A-SC 4 mm anion-exchange column. All samples were 
filtered through a 0.2 µm syringe filter (all techniques) and were acidified with HNO3 to 2 % 
(only for ICP, not IC), prior to analysis. Samples were analysed in triplicate. In all cases a 
calibration graph was constructed using known standard solutions (purchased from Fischer 
Chemical), run prior to the samples in question. The LODs for each element were calculated 
based on the LOD being the analyte concentration equal to the mean blank signal, plus three 
standard deviations of the blank193. Uranium-238 data have been validated by further analysis 
(using the same method) at another independent institution. The statistical similarity can be 
seen in Appendix 9.4. 
 
The BGS samples were analysed for pH but samples from the E&P company were already 
acidified so original pH could not be determined. A Jenwell 350 pH meter was used, which was 
calibrated to achieve a 98 % slope. The samples from BGS were measured for alkalinity at the 
BGS site in Keyworth, Nottinghamshire. This was done by acid titration and is reported as 
mg/dm3 as CaCO3. Eh and EC were obtained by BGS at sample source. Eh and EC for the E&P 
company samples were not available. 
 
5.2.3 Alpha spectrometry of radium-226 in groundwaters 
 
Alpha spectrometry of 226Ra in the groundwaters was conducted by Elsje Van-Es at the 
National Physical Laboratory, Teddington, Middlesex. Groundwater samples were acidified to 
pH < 2 using HCl and a 223Ra tracer was added (< 0.2 Bq). Samples were then filtered through 
a 0.2 µm syringe filter into a beaker and sample mass was recorded. pH was then adjusted to 6 - 
7 using NH4OH and the solution was passed through a MnO2-PAN resin column (10 
mL/minute). All Ra isotopes present in the sample are adsorbed during the loading and 
subsequently eluted with 5 M HCl/1.5 % H2O2 (2 mL/minute). Barium chloride (100 µL, 0.5 
mg/mL) and (NH4)2SO4 (3 g) were added to the eluent causing the Ra2+ to be microprecipitated 
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as (Ba,Ra)SO4. The precipitate was collected on a Resolve® filter and both Ra isotopes were 
counted (250,000 s) via α spectrometry (Ortec, OCTÊTE-PLUS). Combined uncertainties were 
taken for activity (tracer), mass (weighing), decay (tracer), counting statistics (for both 
background and sample/tracer); uncertainties are at the 95 % confidence level (2σ).  
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5.3 Results 
 
Constituent data for all groundwater samples collected from the Bowland Shale throughout 
2015 are presented in Table 27. Sample 12 was highly saline (IS = 3.9) and contained 
constituents at much higher concentrations than the other samples so was removed from overall 
minimum, mean and maximum calculations and presented separately. Figure 52 displays all the 
constituent concentrations in mg/dm3 on a logarithmic scale using box and whisker plots (again 
omitting Sample 12). The full data set with errors is contained in Appendix 9.5. 
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Table 27: Bowland shale groundwater data 
Constituent Min Mean Max Sample 12* 
Major cations (mg/dm3) 
Na+ (n = 22) 16.7 47.4 307 985.9 
K+ (n = 22) 1.0 7.3 32.0 117.4 
Mg2+ (n = 22) 9.9 22.4 36.9 385.5 
Ca2+ (n = 22) 36.8 94.2 165 1762 
Si4+ (n = 22) 2.8 15.2 60.8 1.7 
Major anions (mg/dm3) 
F- (n = 22) 0.10 0.26 0.50 np 
Cl- (n = 22) 15.1 61.0 306 111934 
Br- (n = 17) 0.04 0.17 0.40 199 
NO3- (n = 17) 0.10 3.7 17.2 28.0 
SO42- (n = 22) 9.6 88.2 212 8120 
PO43- (n = 22) < 0.10 < 0.10 < 0.10 < 0.10 
Alkalinity (mg/dm3 as CaCO3) (n = 16) 139 311 521 < 4.1 
Trace elements (µg/dm3) 
Ba (n = 22) 36.3 381 1670 22.4 
Sr (n = 22) 300 620 1700 18400 
As (n = 22) 0.03 1.2 6.2 np 
U (238U) (n = 22) < 0.10 0.90 6.7 0.4 
232Th (n = 22) < 0.07 < 0.07 < 0.07 < 0.07 
226Ra** (pg/dm3) (n = 20) 0.03 0.4 3.3 6.2 
Radioactivity (mBq/dm3)  
238U† (n = 22) < 1.2 11.1 82.7 4.9 
232Th† (n = 22) < 0.3 < 0.3 < 0.3 < 0.3 
226Ra (n = 20) 1.0 15.5 122 226 
Other solution parameters 
pH (n = 17) 6.9 7.4 8.5 7.2 
Eh (mV) (n = 12) -15.0 105 328 na 
EC  (µS/cm) (n = 16) 692 895 1507 na 
Ionic Strength (M) (n = 22) 0.001 0.012 0.018 3.9 
*Sample 12 not included in min, mean & max; **calculated from activity; †calculated from ppb (ICP-MS) 
< = LOD; np = not possible to measure by ICP-MS or IC due to high ionic strength; na = no available data. 
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Figure 52: Groundwater box and whisker plot - major cations/anions and trace elements. Red zone = lower quartile to median. Green 
zone = median to upper quartile. Error bars = min and max. 
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An overall baseline has been determined for all constituents in groundwater from this region, but 
most importantly for the radionuclides. A mean 226Ra activity of 15.5 mBq/dm3 (range: 1 – 122) 
was determined across 20/23 groundwater samples. For U, in 22/23 groundwaters the mean is 0.9 
µg/dm3 (range: < 0.1 – 6.7).  The highly saline sample (12) was found to contain much the highest 
concentration of 226Ra (226 mBq/dm3) reflecting the effect, discussed in the literature58,59,180,188–190, 
that salinity has on Ra2+ solubility. The U concentration of Sample 12 (0.4 µg/dm3) on the other 
hand appears less affected by high salinity and was close to the determined mean of the other 22 
samples. Table 28 shows the 238U (activity calculated from mass) and 226Ra activities present in 
each individual sample. In the majority of samples, as expected, 238U and 226Ra have departed from 
secular equilibrium. It should be noted that the 226Ra analysis method used is in its infancy and 
still in development; the 226Ra data are therefore not as reliable as the U data. 
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Table 28: 238U and 226Ra activity in individual groundwater samples 
Sample 238U ± 2σ (mBq/dm3) 226Ra ± 2σ (mBq/dm3) 
1 < 1.23 122 ± 5.9 
2 82.7 ± 1.46 4.54 ± 0.58 
3 17.3 ± 4.31 2.13 ± 0.41 
4 < 1.23 10.2 ± 1.09 
5 6.17 ± 1.74 30.0 ± 1.52 
6 < 1.23 19.1 ± 1.68 
7 8.64 ± 1.10 4.49 ± 0.60 
8 9.88 ± 7.14 nd (no LOD available) 
9 < 1.23 4.76 ± 0.91 
10 16.0 ± 1.26 nd (no LOD available) 
11 13.6 ± 5.14 5.56 ± 0.88 
12 4.94 ± 0.20 226 ± 1.25 
13 2.47 ± 0.19 28.7 ± 1.81 
14 14.8 ± 0.30 11.8 ± 0.91 
15 < 1.23 28.9 ± 1.79 
16 1.23 ± 0.07 2.22 ± 0.35 
17 16.0 ± 0.37 19.3 ± 1.95 
18 4.94 ± 0.16 8.18 ± 0.91 
19 5.17 ± 0.88 1.94 ± 0.43 
20 8.36 ± 1.42 1.03 ± 1.03 
21 5.55 ± 0.94 2.64 ± 0.61 
22 11.7 ± 1.99 1.51 ± 0.38 
23 12.8 ± 2.18 6.51 ± 1.24 
< = LOD; nd = 226Ra α spectra could not be deconvoluted. 2σ error for 238U is based on 
triplicates. 2σ error for 226Ra is described in the method. 
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5.4 Discussion 
 
The principal objective of this part of the study was to determine a baseline for groundwater 
conditions in the Fylde’s Bowland Shale region of the UK. Radium-226 is of particular interest 
as it is known to concentrate in fracking flowback fluid28,43 which could in turn contaminate 
local groundwaters194. In addition to the main objective, geochemical modelling, geology and 
statistical analysis are discussed here. The geochemical model was used to give an indication of 
the different 226Ra and U species that are present in solution and to predict the proportion of 
226Ra in each groundwater that could potentially precipitate within the Ba1_xRaxSO4 solid 
solution. The groundwaters may already have the potential to precipitate 226Ra. If this is the 
case, fracking would only increase this potential by further dissolution of constituents present 
in the local geology. Geochemical modelling allows discussion of the potential for NORM 
issues that could arise should fracking commence in the Bowland Shale region. Knowledge of 
the local aquifer geology allows evaluation of any relationship between radionuclide 
concentrations in the host aquifer and the groundwater. The statistical analysis was conducted 
to highlight any correlation between constituents and conditions of the groundwaters, or 
between one constituent and another. These can be compared to those discussed in the 
background for this chapter. 
 
5.4.1 The radionuclide baseline 
 
The mean 226Ra activity value (15.5 mBq/dm3) is in the range of those reported in the literature 
worldwide44,195,196. In all samples apart from Sample 1 and 12, 226Ra activity is below the 
notifiable level for England for 226Ra in drinking water supplies (0.1 Bq/dm3)197,198. The 
determined mean baseline for U (238U) (11.1 mBq/dm3, 0.9 µg/dm3) is comparable to a UK 
wide report compiled by the BGS in 2006199. The BGS report calculated a mean of 12.7 
mBq/dm3 (1.03 µg/dm3), with values ranging from 0.01 – 67.2 µg/dm3 (1556 samples). In this 
study no groundwater was found to contain 238U that exceed England’s notifiable drinking 
water level of 0.6 Bq/dm3 (49 µg/dm3)197,198. In the BGS report, only one sample exceeded this 
limit. The World Health Organisation’s (WHO) provisional guideline for U in drinking water is 
30 µg/dm3 200. No samples in this study and only 4 samples in the BGS report exceeded this. As 
expected, 232Th was always present in these samples at concentrations below its LOD (< 0.3 
mBq/dm3, < 0.07 µg/dm3). Though not a radionuclide, arsenic is worth mentioning due to its 
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high toxicity; in all samples it was present in quantities below the 10 µg/dm3 proscribed 
concentration for drinking water in England197. 
5.4.2 Water types 
 
The Piper201 diagram shown in Figure 53 was constructed using the USGS’s computer software 
GW Chart. It is a tri-linear graphical representation of the chemistry in the 17 groundwater 
samples that have all the required data. It provides a convenient method to classify and 
compare ‘water types’ based on the ionic composition of different water samples. The 
proportions (% of respective total) of cations and anions are shown on 2 separate ternary plots: 
Ca2+, Mg2+ and Na+ + K+ on the left and SO42-, Cl- and HCO3- + CO32- on the right. The two 
ternary plots are then projected onto a diamond, which is a combination of the two. Relative 
amounts of HCO3- and CO32- are calculated from the total alkalinity using the model described 
in the following section (PHREEQC in conjunction with the SIT database). 
 
Figure 53: Groundwater Piper plot (n = 17) 
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Where the symbol falls on the Piper plot determines the ion dominance and water type of that 
particular sample. Most of the groundwater appears to be calcium-bicarbonate type to some 
degree, i.e. calcium is the dominant cation and bicarbonate is the dominant anion. Two of the 
groundwaters are clear outliers on the Piper plot, showing different characteristics. Sample 12 
with high TDS, signified by the larger blue cross, is a brine, heavily dominated by chloride. In 
Sample 13, sodium and chloride are the dominant cation and anion respectively. Table 29 
shows the water types, determined from the diamond projection, for each respective sample (if 
more than one cation or anion is shown, they are listed sequentially in order of dominance). It 
can be seen that Sample 18 has very little dominance associated with any particular anion or 
cation. 
 
Table 29: Groundwater ‘water types’ determined using a Piper plot 
Sample Water type 
2, 9, 11 Ca-HCO3 
3 Ca-Na-HCO3-Cl 
4, 17 Ca-Na-Mg-HCO3-SO4 
5, 7, 14, 15, 16 Ca-Mg-HCO3 
6, 8, 10 Ca-Mg-HCO3-SO4 
12 Cl 
13 Na-Cl-HCO3 
18 Ca-Mg-Na-SO4-HCO3-Cl 
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5.4.3 Geochemical modelling 
 
Geochemical modelling was conducted in order to determine barite SI (saturation indices), 
radionuclide speciation, and to describe the Ba1-xRaxSO4 solid solution. As with the 
geochemical modelling reported in the previous chapter, PHREEQC174 was used in conjunction 
with the SIT (specific ion interaction theory)107,108 database as it contains thermodynamic data 
for a range of radionuclides and is applicable at low and high IS, as noted in Section 1.6.1. 
Where ion concentrations fell below the determined LOD, the LOD is used in the model input 
for the particular concentration of that ion (PO42- was omitted as it was not present above its 
LOD in any sample). By default Cl- was used to charge balance the solutions. For the 
speciation of U, only samples with complete data sets were used unless otherwise stated. For 
examples where there was no available pH data, the samples were not considered in terms of 
the relative amounts of each species in solution; not fixing pH in the model can greatly affect 
the predicted U speciation. 
 
5.4.3.1 The Ba1-xRaxSO4 solid solution 
 
The thermodynamic description of the Ba1-xRaxSO4 solid solution used the a0 value 1 ± 0.4, 
determined by Vinograd et al.164, as in the previous chapter. Figure 54 displays a PHREEQC 
input example (a0 is highlighted in green). In the following text ‘thermodynamic equilibrium’ 
refers to the stationary equilibrium concentrations of Ra2+ in aqueous and solid phase. The 
modelling of barite and the Ba1-xRaxSO4 solid solution in these groundwaters will aim to 
answer two questions: can barite already precipitate? And if so, what proportion of the aqueous 
Ra2+ is predicted to coprecipitate with barite? 
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Figure 54: Example PHREEQC input for groundwaters 
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The solubility of the Ra2+ present in the groundwater samples is largely dependent on the Ba1-
xRaxSO4 solid solution. The proportion of Ra2+ that could precipitate will therefore depend 
predominantly on the barite SI in each groundwater. Table 30 displays the calculated aqueous 
226Ra2+ concentrations and the mole fraction (xi) of 226Ra2+ (in Ba1-xRaxSO4) at the modelled 
thermodynamic equilibrium, along with the % of total 226Ra2+ that has potential to precipitate. 
Figure 55 plots the barite SI vs. theoretical (or potential) % of total 226Ra2+ in the precipitate at 
thermodynamic equilibrium. It is clear that a number of groundwaters could theoretically 
precipitate a large proportion of the total Ra2+ in the form Ba1-xRaxSO4. It can be seen that 
Sample 12 (18.9 %) does not quite follow the trend due to its high IS increasing the solubility 
of barite and therefore the solubility of Ra2+. 
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Table 30: PHREEQC output for the Ba1-xRaxSO4 solid solution 
Sample 
Initial aqueous 
Ra2+ conc. 
(pg/dm3) Barite SI 
Aqueous Ra2+ conc. range at modelled 
thermodynamic eq. (pg/dm3) 
xi of Ra2+ in Bax-1RaxSO4 range at 
modelled thermodynamic eq. 
% Ra2+ with potential 
for precipitation range 
a0 = 0.6 a0 = 1.4 a0 = 0.6 a0 = 1.4 a0 = 0.6 a0 = 1.4 
1* 3.334 -0.26 3.334 3.334 0 0 0 0 
2 0.124 0.09 0.099 0.111 7.97E-10 4.03E-10 20.3 10.3 
3 0.058 -2.57 0.058 0.058 0 0 0 0 
4 0.279 0.05 0.246 0.263 3.90E-09 1.87E-09 11.7 5.6 
5 0.821 0.79 0.126 0.235 1.01E-09 8.50E-10 84.7 71.3 
6* 0.522 0.72 0.095 0.172 1.07E-09 8.76E-10 81.9 67.0 
7 0.123 0.06 0.105 0.114 7.97E-10 3.90E-10 14.8 7.2 
8* nd 0.32 nd nd nd nd nd nd 
9 0.130 -0.38 0.130 0.130 0 0 0 0 
10 nd 0.79 nd nd nd nd nd nd 
11 0.152 -0.15 0.152 0.152 0 0 0 0 
12* 6.185 0.29 4.592 5.351 3.33E-08 1.75E-08 25.8 13.5 
13* 0.785 -0.01 0.785 0.785 0 0 0 0 
14* 0.322 0.13 0.232 0.274 2.06E-09 1.10E-09 28.0 14.9 
15 0.789 0.56 0.206 0.347 1.63E-09 1.24E-09 73.9 56.0 
16 0.061 0.23 0.035 0.045 1.30E-10 7.65E-11 43.0 25.3 
17 0.527 0.53 0.149 0.247 1.63E-09 1.21E-09 71.6 53.2 
18* 0.224 0.42 0.083 0.127 1.39E-09 9.52E-10 62.9 43.2 
19* 0.053 1.58 0.001 0.003 1.93E-11 1.87E-11 97.5 94.6 
20* 0.028 1.31 0.001 0.003 2.40E-11 2.27E-11 95.2 90.0 
21* 0.072 1.54 0.002 0.004 4.05E-11 3.92E-11 97.2 94.0 
22* 0.041 1.34 0.002 0.004 2.40E-11 2.28E-11 95.6 90.8 
23* 0.178 1.40 0.007 0.014 1.15E-10 1.10E-10 96.2 91.9 
*Sample is missing alkalinity and/or Eh data: where alkalinity data was not available the carbon content (CO32- / HCO3-) was assumed to be in equilibrium with CO2 in air, 
where Eh data was not available, redox conditions were based on the water being in equilibrium with O2 in air. It should be noted that this did not greatly affect barite SI or 
the description of the Ba1-xRaxSO4 solid solution. nd = 226Ra α spectra could not be deconvoluted. xi = mole fraction. a0 = non-dimensional Guggenheim parameter.   
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Figure 55: Plot of barite SI vs. theoretical % of total Ra2+ in precipitate at 
thermodynamic equilibrium 
 
Fracking in the Bowland Shale region will almost certainly lead to these groundwaters mixing 
with the fracturing fluid and returning to the surface as flowback fluid, most probably 
containing an increased amount of dissolved ions28. In the majority of the groundwaters, barite 
is supersaturated [SI mean = 0.39, SI range = -2.6 – 1.6 (not including Sample 12: SI = 0.29)] 
and it has been shown that a considerable proportion of the aqueous Ra2+ could precipitate in 
the Ba1-xRaxSO4 solid solution. Although the presence of Sr2+ may apply constraints regarding 
how much Ra2+ can coprecipitate91,120,173, the binary Ba1-xRaxSO4 solid solution provides a 
useful description. A further increase in dissolved Ra2+, Ba2+ and SO42- as a result of fracking 
will greatly increase the likelihood of concentrating the Ra2+ in barite scales, commonly found 
in oil and gas production equipment. What this means in terms of the potential NORM 
inventory is that Ra-containing NORM could manifest itself as fluid or solid waste. It should be 
noted that, unlike Ra, U does not tend to coprecipitate with other phases; the model predicts all 
discrete U phases to be undersaturated. 
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5.4.3.2 Radionuclide speciation 
 
Groundwater redox and pH conditions do not greatly affect Ra speciation as it exists only in the 
2+ oxidation state and the Ra2+ ion largely dominates. Other species exist [Ra(SO4), Ra(CO3), 
Ra(HCO3)+, RaCl+ and Ra(OH)+] mainly in insignificant quantities, the proportions of which 
depend largely on the respective anion concentrations in solution. As discussed in Sections 
1.4.4.1 and 1.6.3, redox conditions indirectly affect Ra solubility through the speciation of 
sulphur, which affects the saturation of barite. As discussed in Section 1.4.4.2, the speciation of 
U, however, is more affected by redox and pH conditions and is directly relevant to its 
solubility. Uranium speciation was modelled in all samples containing a complete data set. The 
relevant output data for each individual sample is shown in Table 31. Three uranyl ion [UO22+, 
U(VI)] carbonate species dominate, their relative proportions depending on pH and total 
alkalinity. Eh has little influence at this alkalinity and pH range.  
 
Table 31: Uranium species and relevant parameters in groundwater 
Sample U (µg/dm3) 
% 
UO2(CO3)         
% 
UO2(CO3)22-      
% 
UO2(CO3)34-      
Eh (mV) pH 
Alkalinity  
(mg/dm3 as CaCO3) 
2 6.7 2.30 38.3 59.4 328 7.0 291 
3 1.4 2.86 41.1 56.0 190 7.0 260 
4 0.1 0.61 21.5 77.9 36 7.3 315 
5 0.5 1.30 31.2 67.5 69 7.1 315 
7 0.7 0.96 27.0 72.0 309 7.1 351 
9 0.1 1.86 36.3 61.9 69 7.1 289 
10 1.3 0.71 23.2 76.1 78 7.2 337 
11 1.1 0.91 25.7 73.4 88 6.9 521 
15 0.1 0.06 7.9 92.0 43 7.9 315 
16 0.1 0.03 5.7 94.3 27 8.0 367 
17 1.3 0.02 4.3 95.7 39 8.1 361 
 
 
Figure 56 displays a speciation diagram for the major U species present in the groundwaters at 
constant alkalinity (mean, 311 mg/dm3 as CaCO3), varying pH and all other parameters set at 
mean levels for these groundwaters. In the pH range relevant to these groundwaters, the three 
uranyl ion [UO22+, U(VI)] carbonate species always dominate. An increase in pH increases the 
relative proportions of the more highly carbonated U(VI) species due to the presence of more 
CO32- at higher pH. 
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Figure 56: Speciation of uranium carbonate species in the groundwater pH range 
 
 
If, instead, pH is kept constant, increasing (or decreasing) the total alkalinity further increases 
(or decreases) the proportions of the more highly carbonated U(VI) species. Figure 57 displays 
this trend at the determined mean groundwater pH (7.4). The U(VI) carbonate species are 
known to maintain U in the soluble form182–186. Studies have been conducted relating to both 
negatively and positively charged Fe oxide/hydroxide surfaces interacting with U(VI) 
carbonate complexes182,185,186 in the pH range of 5 – 8 (relevant to these groundwaters). These 
showed that an increase in the amount of carbonate and therefore U(VI) carbonate species 
always lowers the affinity of U(VI) for the surface. This is thought to be due to the aqueous 
carbonate forming strong U(VI) complexes, which have a low affinity for the surface 
sites182,185,186.  
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Figure 57: Speciation of uranium carbonate species in the groundwater alkalinity range 
 
 
Table 32 shows the relative amounts of each U species in the high IS groundwater (Sample 12). 
This sample requires special consideration when concerning speciation. As Eh data was not 
available for Sample 12, redox conditions were based on the water being in equilibrium with O2 
in air. It should be noted that this adds a degree of uncertainty to the speciation calculations. 
The spread of U species is much wider in Sample 12 due to extremely high concentrations of a 
variety of components, but all are still UO22+ species [U(VI)]. Sample 12 is at the low end for 
aqueous U concentration, probably due to a lesser proportion of U in the highly soluble 
carbonate forms. 
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Table 32: Uranium species for the high IS groundwater (Sample 12) 
Sample 12 species (%) 
UO2(CO3)         13.0 
UO2(CO3)22-      11.5 
UO2(CO3)34-      30.9 
UO2(OH)+ 15.0 
UO2(OH)2 15.2 
UO2(OH)3- 6.83 
(UO2)2CO3(OH)3- 2.26 
UO2SiO(OH)3+ 2.08 
UO2(SO4) 0.42 
UO2(SO4)22- 0.36 
UO2Cl+ 0.11 
UO2Cl2 0.05 
 
Another sample that requires separate analysis is Sample 1, which has much the lowest Eh or 
most reducing conditions (-15 mV). No alkalinity data was available so it could not be directly 
compared to the samples with a complete data set. Alkalinity (CO32- / HCO3- / OH-) of Sample 
1 was assumed to be in equilibrium with CO2 in air, which adds some additional uncertainty to 
the speciation calculations. Table 33 shows the relative amounts of each U species in Sample 1. 
 
Table 33: Uranium species for the low Eh groundwater (Sample 1) 
Sample 1 species (%) 
UO2+ 18.1 
UO22+ 0.5 
UO2(CO3)         36.3 
UO2(CO3)22-      4.0 
UO2(CO3)34-      0.04 
UO2(OH)+ 15.0 
UO2(OH)2 13.2 
UO2(OH)3- 0.9 
(UO2)2CO3(OH)3- 0.4 
UO2SiO(OH)3+ 10.6 
 
Sample 1 contains a smaller proportion of the U(VI) carbonate species, not just because the 
alkalinity is estimated by the model to be low in comparison to the other samples, but also due 
to the conditions being more reducing (Eh = -15 mV). Larger amounts of the more insoluble 
forms of U (UO22+ and also UO2+ in the VI and V oxidation states respectively) were predicted 
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to be present under these more reducing conditions. Sample 1 contains the lowest concentration 
of aqueous U (< 0.1 µg/dm3); this agrees with the relationship between Eh and aqueous U 
concentration discussed in the literature5,22,60,61,62. 
 
5.4.4 Geological discussion 
 
This section discusses the relationship between aquifer geology and concentrations of 
radionuclides present in groundwater, using information from this study and others conducted 
in the UK. A 2006 BGS report199 compiled multiple UK studies on U levels in groundwater and 
compared this with the U concentration in the host aquifer. The distribution of U in 
groundwater was shown to have strong links with aquifer geology. There is potential for this 
study and the BGS report to be used to evaluate what 226Ra concentrations might be found 
elsewhere around the UK. In the UK there has been no concerted attempt to assess the 
occurrence and distribution of 226Ra in different aquifers on a national scale. Any relationship 
between U, 226Ra and aquifer geology may therefore be difficult to accurately determine at this 
stage. 
Figure 58 displays the U data for all 1556 UK groundwater samples compiled by the BGS and 
plotted on a geological map. Added to the diagram are the new U data from this study. The 
distribution is relatively patchy and availability of data is sparse in some areas but the greatest 
densities of samples are typically found in the most important water-supply aquifers, 
represented by the various colours on the map in Figure 58. Table 34 compares the BGS report 
with this study. For consistency, highly saline Sample 12 is omitted from both the map and the 
table.  
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Figure 58: Geological map of Great Britain showing the distribution of U in groundwater199 
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Table 34: Comparison and summary of U data 
 This study BGS collated dataset 
N 22 1556 
Mean (µg/dm3) 0.9 1.03 
Min – max (µg/dm3) < 0.1 – 6.7 < 0.01 – 67.2 
< 1 µg/dm3  15 (68 %) 1216 (78.1 %) 
> 2 µg/dm3 1 (5 %) 168 (10.8 %) 
> 4 µg/dm3 1 (5 %) 70 (4.5 %) 
> 15 µg/dm3 0 (0 %) 11 (0.71 %) 
> 20 µg/dm3 0 (0 %) 7 (0.45 %) 
> 30 µg/dm3 (WHO guideline200) 0 (0 %) 4 (0.26 %) 
 
The distribution of dissolved U in the BGS report is highly spatially variable but shows a 
marked relationship with geology. Highest concentrations in the collated groundwater dataset 
(1556 samples) occur in borehole sources in the Old Red Sandstone and Permo-Triassic 
Sandstone aquifers (up to 48 µg/dm3 and 67 µg/dm3
 
respectively). A single borehole sample 
from the Torridonian Sandstone of Scotland also had a relatively high concentration (6.6 
µg/dm3)199. These aquifers are all red-bed sandstones, their most characteristic unifying feature 
being the abundance of Fe(III) oxides which occur as grain coatings and cements. Red-bed 
sandstones can have relatively high U concentrations. In the Triassic Sandstone aquifer of the 
UK, concentrations have been reported in the range 0.5 - 5.1 mg/kg, although values up to 14 
mg/kg
 
have been determined199,202–204. The dissolved U in these aquifers is thought to be 
derived principally by desorption from iron oxides, facilitated by complexation with dissolved 
carbonate species at alkaline pH. The high U concentrations tend to be limited to the 
unconfined portions of these aquifers where oxidising conditions prevail, allowing the 
predominance of the oxidised U(VI)-carbonate complexes. In reducing confined parts of these 
aquifers, groundwater U concentrations tend to be low (<1 µg/dm3)199. 
Uranium concentrations were variable and occasionally high in groundwater from other 
aquifers, although unlike the red-bed sandstones, none exceeded 15 µg/dm3 199. Limestones 
typically contain relatively low concentrations of U; a mean of around 1.3 mg/kg
 
has been 
reported205. The mean U concentrations in the Chalk of southern England were reported to be 
2.03 mg/kg with a range of 0.05–6.3 mg/kg. However, pure chalk samples were usually found 
to have < 1 mg/kg206. Most carbonate aquifers had low groundwater U concentrations, with 
 158 
mean values typically of 0.5 µg/dm3
 
although values ranged up to 7.8 µg/dm3
 
in the 
Carboniferous Limestone and 7.6 µg/dm3
 
in the Chalk199. These occasional high values may be 
linked to local U-mineralisation, and in the case of the Chalk to interaction of groundwater with 
phosphorite horizons. Phosphorite horizons in Mesozoic rocks of Cambridgeshire, Lincolnshire 
and Yorkshire have been reported to contain high U concentrations (30 - 119 mg/kg)207. 
Uranium concentrations in groundwaters from granites of South-West England are generally 
low (mean = 0.98 µg/dm3), despite the known U-mineralisation in the rocks of the region199. 
Granites of South-West England are reported to contain < 1 - 20 mg/kg208–210. Variable, though 
often high U concentrations for the Carnmenellis and Land’s End granites (1.4 - 19 mg/kg, 
mean = 7.2 mg/kg) have also been reported209. High U concentrations in groundwaters appear 
not to be a widespread feature of the granites of the region, perhaps because of the short 
residence times of the groundwaters and their slightly acidic, low-alkalinity compositions. The 
sporadic nature of the U-mineralisation may also be a factor199. 
Sampling in this study was conducted in the Bowland Basin region of the Fylde in North-West 
England. The main aquifer in the region is the Triassic Sherwood Sandstone, but there are also 
regions of glacial drift, Millstone Grit and Mercia Mudstone211. Table 35 shows the specific 
aquifer from which each groundwater sample was collected, in the Bowland Basin (Sample 12 
is now shown) and their respective U and 226Ra mass concentrations. Figure 59 displays two 
generalised lithographic cross sections of the Bowland Basin87. The yellow Permo-Triassic 
region hosts the Sherwood Sandstone and the minor Mercia Mudstone aquifer. In agreement 
with the BGS report, the groundwaters from the Triassic Sherwood Sandstone have the largest 
mean (1.58 µg/dm3) U concentration (not including Sample 12) and the range was significant 
(0.1 – 6.7 µg/dm3). The BGS study showed that measured groundwater U concentrations can 
vary by up to five orders of magnitude within a given aquifer. Both the BGS study and this 
study indicate a need for caution in relying on low-density groundwater surveys in vulnerable 
aquifers. 
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Table 35: Bowland Basin aquifers and mass of U and 226Ra (this study) 
Sample Aquifer U  
(µg/dm3) 
U 
mean 
226Ra 
(pg/dm3) 
226Ra 
mean 
1 
Sherwood Sandstone 
 
 
 
< 0.10 
1.58 
 
 
 
3.33 
0.86 
 
 
 
2 6.70 0.12 
10 1.30 nd 
14 1.20 0.32 
15 < 0.10 0.79 
16 0.10 0.06 
17 1.30 0.53 
3 
Glacial drift 
 
 
 
 
 
1.40 
0.51 
 
 
 
 
 
0.06 
0.34 
 
 
 
 
 
4 < 0.10 0.28 
5 0.50 0.82 
6 < 0.10 0.52 
7 0.70 0.12 
8 0.80 nd 
9 < 0.10 0.13 
11 1.10 0.15 
13 0.20 0.78 
18 0.40 0.22 
12 Mercia Mudstone 0.40 0.40 6.20 6.20 
19  
 
Unknown 
0.42 
0.71 
 
 
0.05 
0.07 
 
 
20 0.68 0.03 
21 0.45 0.07 
22 0.95 0.04 
23 1.04 0.18 
< = LOD; nd = 226Ra α spectra could not be deconvoluted. 
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Figure 59: Generalised depth cross-sections through the Bowland Basin (sampling region for this study)87 
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Interestingly, the highest mean 226Ra concentration (0.86 pg/dm3) in the groundwaters was also 
observed in the Triassic Sherwood Sandstone. As discussed, this aquifer rock is known to 
contain relatively high levels of U and therefore contains relatively high levels of 226Ra. When 
looking at individual samples, high U rarely correlates with high 226Ra, probably due to their 
very different chemical properties. The concentration of U in a groundwater cannot therefore be 
used as a reliable indicator of the concentrations of 226Ra, or vice versa. However it appears that 
the Triassic Sherwood Sandstone is more likely to yield higher levels of 226Ra in groundwater, 
but the amount is certainly affected by other conditions (e.g. redox) and not solely by the total 
U inventory of the host aquifer.  
The main solution parameter affecting U concentrations in groundwater from the BGS study is 
redox199. If the aquifer is unconfined, the oxidising environment allows more U to remain in 
solution. If the aquifer is confined, the reducing environment results in U being less solubilised. 
The opposite is expected to be observed for 226Ra, where a reducing environment favors the 
solubilised form. A reasonable prediction can be made that groundwaters present in confined 
(reducing) Triassic Sandstone aquifers may therefore have relatively high 226Ra concentrations. 
There were not enough data to reliably confirm this, but results from this aquifer do suggest an 
inverse relationship and tentative trends may be discerned in Figure 60 (left to right, samples 1, 
16, 2 and 15). 
 
Figure 60: Eh vs. U and 226Ra concs. in the Triassic Sherwood Sandstone 
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Sample 12 was collected from the minor Mercia Mudstone aquifer that is known to be a 
confined aquifer resulting in reducing groundwater conditions212. Indeed the 226Ra groundwater 
concentration in Sample 12 was very high, but the U concentration was towards the low end. 
This adds weight to the observation that confined (reducing) aquifers result in higher 226Ra 
concentrations. The Mercia Mudstone is often in close proximity to the Sherwood Sandstone, 
which may be the initial source of high 238U series radionuclide concentrations87,212. 
 
Drift is Quaternary, and the glacial drift of the Fylde sampling region is largely from the last ice 
age, around 20,000 years ago. It is a superficial deposit, mostly till (boulder clay) with some 
lenses of sand, gravel and peat, but is clay dominant. Some drift may be derived by reworking 
of the Mercia Mudstone and some from further afield87,212. The overall composition of the 
glacial drift at each groundwater sampling site is not known but it appears to yield lower mean 
groundwater concentrations of U and 226Ra than in the Sherwood Sandstone aquifer. As each 
specific glacial drift location may have very different geology, a relationship between Eh and 
radionuclide concentrations cannot be determined. 
 
Overall it is reasonable to say that groundwaters from confined Triassic Sherwood Sandstone 
aquifers are more likely to contain higher levels of 226Ra, although further data are required to 
confirm this relationship. Low U concentrations in groundwaters from Sherwood Sandstone 
aquifers could therefore be an indicator of high 226Ra; again further work would be required to 
establish this. Where higher 226Ra groundwater concentrations are found, fracking is more 
likely to produce a variety of NORM wastes with enhanced 226Ra activity as already seen in 
flowback fluid from Preese Hall Farm43. Should hydrocarbon production occur, there may be 
higher Ra-containing NORM risk areas where the Triassic Sherwood Sandstone and the 
Bowland Shale overlap211. Two such potentially higher risk areas are the Fylde and northern 
regions of the East Midlands basin, both of which have already shown enhanced levels of 226Ra 
in various NORM wastes43,173. 
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5.4.5 Statistical analysis 
 
The number of groundwater samples from each aquifer was too small to determine any 
concrete relationships between groundwater constituents and parameters. Instead the statistical 
methods discussed in this section have been applied to all samples, apart from Sample 12. The 
data collected in this study cannot be considered approximately normally distributed. This was 
determined by conducting a Shapiro-Wilk test (p > 0.05)213,214 and visual inspection of 
histograms and normal Q-Q plots for each respective constituent in the groundwaters (examples 
shown in Figure 61). The observed distribution is probably due to the relatively small number 
of samples. Non-parametric statistical methods must therefore be used to determine whether 
there are any significant monotonic correlations within the data. A Spearman rank-order 
correlation matrix215 was constructed using IBM’s SPSS statistical software. Table 36 shows 
the more pertinent part of this matrix with Spearman correlation coefficients (rs). The full 
matrix is contained in Appendix 9.6. Sample 12 was omitted from the matrix. 
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Figure 61: Histogram and normal Q-Q plot examples, showing the non-normal 
distribution of U and Ra 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 165 
Table 36: Spearman rank-order correlation matrix (Appendix 9.6 shows the complete matrix) 
 
Ca2+ Sr2+ Ba2+ SO42- Alkalinity As 238U 266Ra pH Eh EC IS Barite SI 
Ca2+ 1 -0.088 -.679** -0.274 0.074 -.706** 0.132 0.093 -.824** 0.501 0.124 .595** -.692** 
Sr2+ 
 
1 0.169 -0.026 0.415 .471* -0.401 0.291 0.072 -.824** 0.36 0.153 0.047 
Ba2+ 
  
1 0.139 0.418 0.405 -0.129 -0.164 0.107 -0.396 -0.238 -.585** .842** 
SO42- 
   
1 -0.34 0.136 0.221 -0.302 0.308 0.329 -0.115 -0.286 .556** 
Alkalinity 
    
1 0.057 0.088 -0.007 -0.035 -0.285 -0.05 0.136 0.13 
As 
     
1 -0.139 0.083 .725** -.726** -0.08 -0.377 .425* 
238U 
      
1 -0.299 -0.087 .739** -0.112 0.129 0.062 
226Ra 
       
1 0.193 -0.497 0.147 0.394 -0.235 
pH 
        
1 -0.354 0.007 -0.268 0.422 
Eh 
         
1 -0.096 0.123 -0.079 
EC 
          
1 .580* -0.477 
IS 
           
1 -.689** 
Barite SI 
            
1 
** correlation is significant at the 0.01 level (2-tailed); * correlation is significant at the 0.05 level (2-tailed).
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In general, increasing Eh increases aqueous U concentrations5,22,60,61,62. A moderate positive 
correlation between U and Eh was determined (rs = 0.739**) in this study, which is somewhat 
surprising, given that in the narrow Eh-pH range of the groundwaters, the model predicts that 
only the highly soluble U(VI) carbonate species are relevant. None of the groundwaters are 
sufficiently acidic or reducing to contain significant amounts of the relatively insoluble form of 
U in the IV oxidation state. Redox conditions do not affect the relative proportions of U(VI) 
carbonate species in the pH range of these groundwaters and even so there is no evidence to 
suggest that one U(VI) carbonate species is more soluble than the other. As no other significant 
correlations with U were observed, for instance with alkalinity or pH, which both affect the 
proportions of each aqueous U(VI) carbonate species (Figures 56 and 57), it is much more 
likely that aqueous 238U concentrations are most significantly controlled by the total U 
inventory present in the parent aquifer rock. 
 
In agreement with the literature58,59,180,188–190, highly saline Sample 12, with high Ca2+ and Sr2+, 
but not particularly high Ba2+, was found to contain much the highest concentration of 226Ra 
(226 mBq/dm3). However with the remainder of the samples 226Ra does not correlate with 
salinity (EC) (rs = 0.147), which may be due to the low number of samples. A previous study192 
also reported no correlation between 226Ra concentrations and EC but reported a good negative 
correlation between aqueous 226Ra and pH; in this study there is no correlation. In this study 
226Ra has a weak to moderate negative correlation with Eh (rs = -0.497). This may be explained 
by a reducing environment favoring Ra2+ being in solution due to the reduction of SO42- to H2S, 
resulting in less coprecipitation of Ra2+ with barite. Consequently, a good negative correlation 
between aqueous Ra2+ and barite SI was expected but only a very weak correlation was 
observed (rs = -0.235), casting doubt on the former correlation. As noted above, it is likely that 
aqueous 226Ra concentrations are most significantly controlled by the total 226Ra inventory 
present in the parent aquifer rock. 
 
A number of other interesting relationships regarding the groundwaters warrant discussion. 
Calcium2+ negatively correlates moderately with pH (rs = -0.824**); this is probably due to an 
increase in CO32- at higher pH, which will increase the supersaturation of calcite (CaCO3). 
Arsenic was found to have a moderate positive correlation with pH (rs = 0.725**) and a 
moderate negative correlation with Eh (rs = -0.726**). Increasing pH and decreasing Eh are 
known to increase the amount of the more soluble As(III) compounds (arsenious acid: H3AsO3) 
over the more insoluble As(V) compounds (arsenic acid: H3AsO4)182,216. 
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6. Conclusions 
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The discovery of NORM at conventional oil and gas sites in the East Midlands, the 
optimisation of a method for removing radium from fracking flowback fluids and the 
characterisation of groundwater in the Bowland Shale, all have implications for the UK’s oil 
and gas industry, legislation and environment. 
 
The presence of Ra-containing scales and sludge has been confirmed at two conventional oil-
producing sites in the East Midlands. Activity concentrations in all of the scales and some of 
the sludge samples exceed exemption levels for NORM disposal as specified in national 
legislation12. Crystalline strontiobarite is the host Ra phase and has characteristics similar to 
those found in offshore wells from the northern North Sea, including the relative proportions of 
226Ra and 228Ra. Unlike Wytch Farm in the Wessex-Channel basin, 210Pb levels are low and can 
be accounted for by ingrowth from decay of 226Ra. Uranium series dating indicates that 
substantial scale accumulation occurs within a short period of time, of the order of 2 - 3 years.  
 
It is highly likely that other conventional oil and gas wells producing from Lower 
Carboniferous source rocks in the East Midlands will be similarly affected. Should 
unconventional exploitation of shale gas reserves from the same formations take place in the 
future, the use of aggressive reagents at elevated temperatures and pressures may present a 
more acute NORM management issue. In addition to the scale and sludge deposits observed in 
this study, anticipated problems could include large volumes of Ra-contaminated flowback 
fluids. Plans for waste treatment and disposal from fracking in the East Midlands would 
therefore need to be tailored to Ra isotopes and their progeny. 
 
The work discussed in Chapter 4 has added to the currently available information on Ra uptake 
by both barite co- and post-precipitation. In earlier coprecipitation experiments much higher 
concentrations of Ba2+ were used when considering 226Ra recovery91. This study has used lower 
Ba2+ concentrations, and optimised SO42- quantities for the attainment of maximum 226Ra 
recovery at IS = 0.3 M and at the higher salinity expected in flowback fluid, IS = 3 M. Post-
precipitation work conducted by Bosbach et al.171 used preformed barite at larger quantities, 
whereas this study used smaller quantities of freshly precipitated radiobarite crystals to remove 
226Ra from solution at varying IS. This study has shown that IS and/or crystal form can have a 
considerable bearing on the rate at which 226Ra is uptake occurs by post-precipitation.  
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It has been shown that 226Ra can be efficiently removed from saline flowback fluids by barite 
coprecipitation, using optimised reagent quantities. Approximately 90% of the 226Ra 
contaminant can be recovered in a single optimised coprecipitation step. Salinity has been 
shown to have a significant impact on the effectiveness of the process; a substantially larger 
quantity of SO42- is required at higher IS to reach maximum 226Ra recovery. Irrespective of the 
initial Ba concentration (above 0.22 mmol/dm3) and at IS ≤ 3, addition of ~15 mmol/dm3 SO42- 
will result in ~90% 226Ra recovery. All observations in this study apply equally to the recovery 
of 228Ra. 
Geochemical modelling indicates that barite SI alone is not sufficient to predict 226Ra recovery; 
it is necessary also to know the initial Ba concentration as it affects the barite SI required to 
reach maximum 226Ra recovery. Observations made by Putnis et al.176 and Piana et al.177 
provide a possible explanation for this by suggesting that the Ba2+ cation is involved in a rate-
limiting step in barite crystal growth. This study adds weight and validity to their work. 
Modelling conducted in this study shows that theoretical and experimentally determined values 
for 226Ra recovery by barite coprecipitation correspond at low and high barite SI (<0.5 and >2) 
but not at intermediate levels. Although the dimensionless Guggenheim parameter (a0) of 1 ± 
0.4 is known to be adequate to predict equilibrium 226Ra concentrations in solutions 
equilibrated for > 100 days (Bosbach et al.171 and Vinograd et al.164), the majority of the time it 
cannot reliably predict the amount of 226Ra uptake by barite coprecipitation in this study. This 
is almost certainly because the model does not directly account for coprecipitation and the 
systems are not at thermodynamic equilibrium164,171,172. In the post-precipitation systems, the 
model predicts that at thermodynamic equilibrium 98-99% of the remaining 226Ra will be 
recovered in both the high and low IS systems. However, the majority of the 226Ra (>80%) has 
been removed after 14 days and limited gains would be achieved thereafter. Reaching 
thermodynamic equilibrium could take >100 days164,171 and is unlikely to be cost-effective. 
The resulting radiobarite precipitate from the decontamination process has a small volume and 
contains the majority of the initial 226Ra. Disposal of the solid in landfill or by incineration 
should present fewer technical problems than large volumes of flowback fluid. If >90% 226Ra 
recovery is sought, further co- and post-precipitation steps could be undertaken to approach the 
UK’s 0.01 Bq/dm3 226Ra aqueous waste discharge exemption limit.  In industry, this represents 
a trade-off between time and expenditure on reagent. 
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A number of arguments may be made for reconsideration of the UK’s limit. Firstly, compliance 
would require multiple coprecipitation steps or an extended post-precipitation period to recover 
>99.9% 226Ra, which may not be feasible in practice. Secondly, the measurement of whether or 
not the compliance level has been achieved would require alpha spectrometry and the cost and 
complexity could be prohibitive170. Finally, many of the groundwaters from the UK’s Bowland 
Shale analysed in this study already contain more than 0.01 Bq/dm3 226Ra and the notifiable 
drinking water level in England (0.1 Bq/dm3)197,198 is also above this limit. 
 
Groundwater in the UK’s most prospective region in terms of shale gas, the Bowland Shale, 
has been characterised and baseline data determined for major anions, cations, trace elements 
and radionuclides. If the process of fracking leads to fracturing fluids mixing with local 
groundwaters, there is a possibility that Ra isotopes could contaminate drinking water supplies. 
This study enables groundwaters potentially affected by fracking to be compared against 
baseline data and the degree of contamination to be quantified. 
It appears that groundwater from confined Triassic Sherwood Sandstone aquifers are more 
likely to contain higher levels of 226Ra, although further data are required to confirm this 
relationship. Areas of the UK that are subject to conventional or unconventional hydrocarbon 
production and that are in close proximity to the Sherwood Sandstone aquifer could be 
interpreted as higher Ra-containing NORM risk regions. Two notable potentially higher risk 
areas are the Fylde and the northern part of the East Midlands basin, both of which have 
already shown enhanced levels of 226Ra in various NORM wastes43,173. 
 
Geochemical modelling of the groundwaters has shown that a substantial proportion of the 
aqueous 226Ra could precipitate within the Ba1-xRaxSO4 solid solution. However, observations 
made in Chapter 4 show that the same model tends to overestimate 226Ra recovery in low Ba 
concentration solutions at intermediate barite SI (0.5 - 2). The reported theoretical 226Ra 
recovery levels should therefore be treated as maxima. Irrespective of this, the fracking process 
can only increase dissolved Ra2+, Ba2+ and SO42- in solution and will greatly increase the 
likelihood of concentrating Ra isotopes in barite scales, commonly found in oil and gas 
production equipment. In terms of the potential NORM issues that could arise from fracking 
operations in the Bowland Shale, both Ra-containing solids and liquids are likely. 
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Finally, the initial objectives for this study are considered. Radium-containing NORM has been 
discovered at two further conventional oil producing sites in the East Midlands. This 
demonstrates that scales from Wytch Farm displaying high 210Pb and 210Po levels but very little 
Ra, may well be unrepresentative of mainland UK as a whole. This finding has direct 
implications for the NORM that could be expected should exploration for shale gas begin in the 
region; large volumes of Ra-containing flowback fluid being a possible issue for the future 
management of NORM. Coupled with this, characterisation and geochemical modelling of 
groundwater from the Bowland Shale has found that 226Ra is already present, a proportion of 
which has the potential to coprecipitate with Ba2+ and SO42- in barite scale. The fracking 
process can only increase the dissolved Ra2+, Ba2+ and SO42- in solution. It appears that the 
future management of NORM from fracking operations in the Bowland Shale will, like the East 
Midlands, be concerned with Ra-containing flowback fluid and potentially radiobarite scales. 
The optimised barite coprecipitation process could potentially reduce the future environmental 
impact of fracking. It provides an efficient, relatively low cost method for removing Ra from 
flowback fluid, yielding a low mass solid waste form containing the majority of the Ra 
contaminant. 
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7. Future work 
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Scope remains for more research into NORM in the UK’s onshore oil and gas industry. This 
study was constrained by the number of E&P companies willing and able to allow people from 
outside the company on site to take samples. Future work on this topic could include sampling 
at sites in different hydrocarbon producing regions of the UK. Wytch Farm in the Wessex 
Channel Basin needs to be further characterised for NORM. No sites in the Weald, Cleveland, 
Cheshire, West Lancashire and Midland Valley Scotland areas have been fully characterised 
for NORM. This study has added to the picture but it is not complete. 
 
Long-term kinetic experiments could be conducted involving barite post-precipitation uptake of 
Ra at a variety of ionic strengths using preformed barite. These could then be directly compared 
to the batch experiments conducted by Bosbach et al.171 and the long term effects of ionic 
strength on Ra uptake could be determined. Barite coprecipitation with centrifugation has been 
shown to be an effective method of removing Ra from highly saline solutions. The UK would 
be better prepared to deal efficiently with the large volumes of Ra-containing flowback fluid 
that would result from commercial fracking operations by conducting full-scale tests using 
large centrifuges.  
 
Groundwater analysis could be extended to include areas with prospectivity for shale gas such 
as the Lower Bowland region and areas of the Weald. This would create a full baseline for 
groundwaters at risk of contamination from unconventional shale gas exploitation. While 
groundwater data are available for much of the UK, data for 226Ra content are limited. If 
fracking operations gain consent in the UK, it will be necessary to have more data on the 
composition of the flowback fluid, most importantly the Ra content. Currently only the Ra data 
from flowback fluid from Preese Hall Farm are available. 
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9.1 Further analysis of NORM in the Wessex-Channel Basin 
 
Twenty-one scale samples from an oil production site in the Wessex-Channel Basin were 
collected by Prof. David Read in 2007. Corrosion coupons (normally used to measure corrosion 
of the pipelines) were placed in a variety of different pieces of production equipment in May 
2007 and were retrieved 5 months later in November 2007. Scales deposited on these coupons 
were then collected for analysis. 
 
All the scale samples were analysed by gamma spectrometry. Due to very small sample sizes (< 
1 g), the scales were analysed as found, already powdered and ready for bulk analysis. The 
NORM scales were found to contain enhanced concentrations of 210Pb (results presented in 
Table 37). Where the measured activity value fell below the MDA, MDAs are given. The 
MDAs and 2σ errors are high due to the small sample size (even with the long count times of 
24 h). Values that fall below the MDA can only be used as a rough estimate of 210Pb activity. 
Activities reported are decay corrected to date of sampling. 
 
Discussion of data: 
• Many of the scales contain enhanced levels of 210Pb, which is in agreement with the 
Worden et al.38 study conducted in the Wessex-Channel Basin 7 years previously (see 
Section 1.5.2). 
• No elevated levels of 226Ra or 228Ra were found. 
• The highest 210Pb activity was found to be 2373 Bq/g, with the mean across all locations 
being 291.5 Bq/g. 
• The results give a good idea of how much activity concentration can build up over a 
short period of 5 months. 
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Table 37: Gamma spectrometry results for 210Pb in Wessex-Channel Basin scale. 
Sample 210Pb ± 2σ  (Bg/g) MDA (Bq/g) 
1 2373 ± 690 - 
2 1847 ± 537 - 
3 1361 ± 397 - 
4 5.39 ± 5.65 < 8.9 
5 1.47 ± 6.41 < 10.6 
6 4.04 ± 8.82 < 14.7 
7 nd < 10.8 
8 9.93 ± 11.37 < 18.1 
9 17.78 ± 8.19 - 
10 4.22 ± 5.19 < 8.3 
11 nd < 10.7 
12 4.23 ± 5.40 < 8.7 
13 226.2 ± 66.2 - 
14 9.96 ± 11.91 < 19.0 
15 121.0 ± 36.0 - 
16 12.71 ± 11.90 < 18.5 
17 18.89 ± 8.42 - 
18 38.57 ± 15.20 - 
19 4.42 ± 7.81 < 12.7 
20 53.89 ± 16.67 - 
21 8.50 ± 8.79 < 13.8 
nd = not detected 
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9.2 Oil and formation water from Formby oil field 
 
Table 38: Gamma spectrometry analysis of Formby formation water 
Radionuclide Activity (Bq/g) 
238U (232Th) < 0.008 
226Ra < 0.02 
228Ra (228Ac) < 0.01 
210Pb < 0.01 
40K 0.06 ± 0.03 
 
Table 39: Gamma spectrometry analysis of Formby oil 
Radionuclide Activity (Bq/g) 
238U (232Th) < 0.009 
226Ra < 0.03 
228Ra (228Ac) < 0.01 
210Pb < 0.01 
40K 0.06 ± 0.04 
 
Notes: 
• Formby oil field is located in the West Lancashire Basin.  
• As expected, neither sample contains any measurable (by gamma spectrometry) 
amounts of the Ra or Pb isotopes commonly found in NORM 
• The same is true for 238U 
• Both samples contain 0.06 Bq/g of 40K 
• ( ) = decay product used to measure activity of radionuclide outside of brackets. 
• < = less than the MDA 
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9.3 Full data set for radium removal by barite coprecipitation experiments 
 
Notes on data set for experiments described in Chapter 4: 
 
• Table 40 shows the 226Ra activity of both liquid and solid fractions to account for the 
distribution of the 226Ra spike after the experiments. 
• Solids were always measured by gamma spectrometry. 
• Liquids were first measured with gamma spectrometry. If this yielded just an MDA, 
LSC was carried out. 
• Liquid fractions that required measurement by LSC are highlighted in grey. 
• Where 226Ra was not detected, MDAs are reported for gamma spectrometry and LODs 
for LSC, both labeled with the symbol <. 
• Where MDAs and LODs are used to account for 226Ra activity the unaccounted activity 
percentage is noted in red. 
• Gamma spectrometry MDA for 226Ra in solids was ~ 0.6 Bq for an 18 h count. 
• LSC LOD for a 40 m count was ~ 0.003 Bq in 3 mL (equates to ~ 0.05 Bq in 50 mL) of 
sample in 10 mL of LSC cocktail - The instrumental LOD for 226Ra was calculated 
based on the LOD being the analyte concentration equal to the mean blank signal, plus 
three standard deviations of the blank193. 
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Table 40: Full data set for 226Ra distribution after barite coprecipitation experiments 
SO42 added 
(mmol/dm3) 
Total 226Ra in 
spike (Bq) 
Total 226Ra activity 
in liquid (Bq) 2σ 
Total 226Ra activity 
in solid (Bq) 2σ 
Activity 
unaccounted for 
(Bq) 
Activity unaccounted 
for 
High salinity (IS = 3), 0.22 mmol/dm3 Ba2+ 
0.099 3.595 3.384 27.5% < 0.585 -0.374 -10.4% 
0.103 3.596 3.305 31.9% < 0.585 -0.294 -8.2% 
0.105 3.596 3.485 29.8% < 0.585 -0.474 -13.2% 
0.145 3.596 3.177 31.8% < 0.585 -0.167 -4.6% 
0.154 3.597 3.374 32.5% < 0.585 -0.362 -10.1% 
0.162 3.596 3.267 27.8% < 0.585 -0.255 -7.1% 
0.352 3.606 3.134 27.2% < 0.585 -0.113 -3.1% 
0.324 3.598 3.210 33.4% < 0.585 -0.197 -5.5% 
0.352 3.597 3.215 29.5% < 0.585 -0.202 -5.6% 
1.676 3.599 2.756 35.2% < 0.585 0.258 7.2% 
1.422 3.596 2.834 34.3% < 0.585 0.177 4.9% 
1.366 3.597 2.940 33.4% < 0.585 0.072 2.0% 
3.422 3.596 2.034 31.0% 1.731 46.2% -0.169 -4.7% 
3.506 3.603 1.899 30.1% 1.524 58.2% 0.180 5.0% 
3.520 3.597 2.134 34.0% 1.498 51.3% -0.035 -1.0% 
6.998 3.597 1.207 7.0% 2.542 32.4% -0.152 -4.2% 
7.266 3.597 1.227 7.0% 2.450 29.2% -0.080 -2.2% 
7.181 3.597 1.246 7.0% 2.564 37.2% -0.214 -5.9% 
14.714 3.599 < 0.048 4.015 28.0% -0.464 -12.9% 
14.193 3.602 < 0.047 3.362 28.8% 0.192 5.3% 
15.165 3.597 < 0.048 3.243 31.1% 0.306 8.5% 
35.638 3.595 < 0.048 2.536 36.8% 1.011 28.1% 
35.370 3.595 < 0.048 3.149 32.8% 0.398 11.1% 
35.356 3.597 < 0.047 3.417 30.5% 0.132 3.7% 
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SO42 added 
(mmol/dm3) 
Total 226Ra in 
spike (Bq) 
Total 226Ra activity 
in liquid (Bq) 2σ 
Total 226Ra activity 
in solid (Bq) 2σ 
Activity 
unaccounted for 
(Bq) 
Activity unaccounted 
for 
70.544 3.597 < 0.048 3.234 33.2% 0.315 8.8% 
70.741 3.595 < 0.047 3.711 27.0% -0.163 -4.5% 
71.191 3.596 < 0.048 3.479 31.2% 0.069 1.9% 
Low salinity (IS = 0.3) 0.22 mmol/dm3 Ba2+ 
0.105 5.506 4.303 27.2% < 0.585 0.618 11.2% 
0.103 5.506 4.985 24.7% < 0.585 -0.064 -1.2% 
0.107 5.508 5.255 24.9% < 0.585 -0.332 -6.0% 
0.198 5.507 4.355 27.0% < 0.585 0.567 10.3% 
0.152 5.508 4.124 29.5% < 0.585 0.799 14.5% 
0.174 5.511 4.543 26.5% < 0.585 0.383 6.9% 
0.352 5.505 1.345 6.0% 3.897 31.4% 0.263 4.8% 
0.366 5.509 1.374 6.0% 3.638 33.2% 0.497 9.0% 
0.338 5.505 1.934 5.0% 3.126 30.5% 0.445 8.1% 
0.817 5.510 1.124 6.0% 3.765 32.8% 0.621 11.3% 
0.732 5.511 1.194 6.0% 4.008 29.7% 0.309 5.6% 
0.704 5.509 1.205 6.0% 4.125 29.3% 0.179 3.2% 
1.549 5.508 < 0.047 5.096 29.2% 0.365 6.6% 
1.408 5.510 < 0.047 5.717 25.7% -0.254 -4.6% 
1.436 5.508 < 0.047 4.297 28.8% 1.163 21.1% 
2.567 5.518 < 0.047 5.947 25.7% -0.476 -8.6% 
2.489 5.515 < 0.047 5.095 27.0% 0.372 6.8% 
2.566 5.504 < 0.047 4.768 26.2% 0.689 12.5% 
3.576 5.517 < 0.047 4.653 29.5% 0.818 14.8% 
3.675 5.515 < 0.047 4.024 33.0% 1.443 26.2% 
3.478 5.509 < 0.047 6.151 24.9% -0.689 -12.5% 
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SO42 added 
(mmol/dm3) 
Total 226Ra in 
spike (Bq) 
Total 226Ra activity 
in liquid (Bq) 2σ 
Total 226Ra activity 
in solid (Bq) 2σ 
Activity 
unaccounted for 
(Bq) 
Activity unaccounted 
for 
High salinity (IS = 3), 5 mmol/dm3 Ba2+ 
5.000 15.163 < 0.047 15.104 20.2% 0.011 0.1% 
1.250 15.024 8.950 19.5% 6.545 22.9% -0.470 -3.1% 
0.500 15.000 11.345 20.1% 2.134 39.8% 1.521 10.1% 
Low salinity (IS = 0.3) 0.22 mmol/dm3 Ba2+ 
5.000 17.147 < 0.047 16.227 19.9% 0.872 5.1% 
1.250 17.110 10.178 19.8% 6.590 24.4% 0.342 2.0% 
0.500 17.533 13.580 19.5% 3.678 27.8% 0.274 1.6% 
IS = 0.3, 20 mmol/dm3 Ba2+ 
20.000 5.806 < 0.047 5.070 20.7% 0.689 11.9% 
IS = 0.6, 20 mmol/dm3 Ba2+ 
20.000 5.885 < 0.047 4.835 20.6% 1.003 17.0% 
IS = 1.5, 20 mmol/dm3 Ba2+ 
20.000 5.810 < 0.047 5.165 20.2% 0.598 10.3% 
IS = 3, 20 mmol/dm3 Ba2+ 
20.000 5.881 < 0.047 5.020 20.1% 0.814 13.8% 
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9.4 Uranium-238 data validation for Bowland Shale groundwater 
 
A number of groundwater samples were also analysed for 238U content by ICP-MS at the BGS, 
Keyworth, Nottinghamshire. Uranium-238 data from the Loughborough laboratory can be 
corroborated by comparison with the values determined at the BGS. Figure 63 shows the BGS 
and Loughborough 238U data for all samples that were measured by both parties (n = 10). 
 
Figure 62: BGS vs. Loughborough 238U data (n = 10) 
 
To determine whether there is a significant difference between the two data sets, either a t-
test217 (parametric) or a Wilcoxon signed-rank test218 (non-parametric) can be used. For the 
Loughborough data set a Shapiro-Wilk test (p > 0.05)213,214 and visual inspection of a normal 
Q-Q plot show that the data is approximately normally distributed. However visual inspection 
of a histogram and box plot of the Loughborough data does not appear normally distributed and 
the data has a skewness of 0.337 (SE = 0.687) and a kurtosis of -1.566 (SE = 1.334)219–221. For 
the BGS data set the Shapiro-Wilk test (p > 0.05)213,214 and a visual inspection of a box plot 
indicate that the data is approximately normally distributed with a skewness of 0.006 (SE = 
0.687). However a kurtosis of -1.814 (SE = 1.334) and visual inspection of a histogram and 
normal Q-Q plot of the BGS data appear to show that the data is not normally distributed219–221. 
Due to the lack of clarity as to whether these data are normally distributed, both a t-test and a 
Wilcoxon test (both significant at the 0.05 level, 2-tailed) were performed. Both the t-test (p = 
0.559) and Wilcoxon test (p = 0.445) upheld the null hypothesis. The absence of a significant 
difference in the results of the analysis of the same samples by two independent institutions 
gives confidence in the reliability of the 238U data reported in this study. 
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9.5 Full data set for Bowland Shale groundwaters 
 
Table 41: Full data set for Bowland Shale groundwaters 
Sample 1 2σ 2 2σ 3 2σ 4 2σ 5 2σ 6 2σ 
Na+ (mg/dm3) 47.70 15.81 17.30 0.13 55.90 7.23 63.30 0.87 25.90 1.66 36.90 3.42 
K+ (mg/dm3) 32.00 11.11 1.70 0.09 7.00 0.85 3.60 0.08 1.70 0.02 1.60 0.04 
Mg2+ (mg/dm3) 35.40 4.40 17.50 0.68 14.30 2.25 29.50 0.21 28.50 1.86 24.20 2.07 
Ca2+ (mg/dm3) 124.20 2.21 150.00 2.12 138.20 2.60 148.30 2.68 110.00 0.34 112.60 1.41 
Si4+ (mg/dm3) 7.70 2.70 4.60 0.10 3.30 0.47 5.60 0.09 6.30 0.45 6.40 0.58 
Ba2+ (mg/dm3) 0.282 0.090 0.104 0.001 0.036 0.0002 0.063 0.001 0.518 0.029 0.317 0.027 
Sr2+ (mg/dm3) 1.100 0.358 0.300 0.005 0.500 0.056 1.700 0.037 0.600 0.037 0.600 0.050 
F- (mg/dm3) 0.20 0.03 0.10 0.02 0.30 0.03 0.30 0.01 0.40 0.02 0.40 0.03 
Cl- (mg/dm3) 15.10 3.18 23.70 3.84 83.30 2.11 59.80 22.89 31.70 0.12 43.20 2.45 
Br- (mg/dm3) 0.10 0.04 0.10 0.01 0.30 0.02 0.20 0.03 0.10 0.01 0.20 0.02 
NO3- (mg/dm3) 0.20 0.01 3.80 0.06 16.70 1.08 0.20 0.02 0.20 0.01 0.20 0.01 
SO42- (mg/dm3) 9.60 0.40 67.10 10.38 73.20 2.11 160.90 55.34 63.10 8.00 92.60 3.97 
PO43- (mg/dm3) < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - 
Alkalinity (mg/dm3 as CaCO3) na - 291.0 - 260.0 - 314.5 - 314.5 - 289.0 - 
As (µg/dm3) 0.400 0.094 0.050 0.003 0.200 0.040 0.400 0.005 0.200 0.026 0.200 0.027 
238U (µg/dm3) < 0.10 - 6.700 0.118 1.400 0.349 < 0.10 - 0.500 0.142 < 0.10 - 
226Ra mBq/dm3 121.97 5.91 4.54 0.58 2.13 0.41 10.20 1.09 30.04 1.52 19.08 1.68 
pH 6.9 - 7.0 - 7.0 - 7.3 - 7.1 - 7.1 - 
Eh (mV) -15.0 - 328.0 - 189.6 - 36.0 - 69.0 - na - 
EC (µS/cm) 981.0 - 770.0 - na - 1083.0 - 799.0 - 832.0 - 
IS (M) 0.017 - 0.014 - 0.015 - 0.017 - 0.013 - 0.012 - 
Barite SI sit.dat -0.26 - 0.09 - -2.57 - 0.05 - 0.79 - 0.72 - 
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Sample 7 2σ 8 2σ 9 2σ 10 2σ 11 2σ 
Na+ (mg/dm3) 28.00 1.07 23.90 7.26 16.70 0.26 21.70 0.36 45.60 14.35 
K+ (mg/dm3) 1.70 0.20 1.00 0.03 2.80 0.06 2.10 0.02 12.30 0.03 
Mg2+ (mg/dm3) 36.90 1.23 35.70 11.57 10.70 0.04 28.10 0.37 27.10 0.22 
Ca2+ (mg/dm3) 125.00 1.70 115.20 1.41 134.00 2.22 90.50 0.45 165.00 3.61 
Si4+ (mg/dm3) 5.60 0.25 6.70 2.18 2.80 0.05 7.00 0.11 7.40 0.02 
Ba2+ (mg/dm3) 0.135 0.006 0.090 0.019 0.063 0.001 0.213 0.003 0.091 0.022 
Sr2+ (mg/dm3) 0.300 0.008 0.300 0.071 0.300 0.005 0.600 0.007 0.700 0.261 
F- (mg/dm3) 0.40 0.00 0.30 0.07 0.30 0.03 0.20 0.01 0.50 0.15 
Cl- (mg/dm3) 47.00 3.22 46.70 0.52 34.00 0.85 17.30 0.71 61.40 6.28 
Br- (mg/dm3) 0.30 0.02 0.10 0.02 0.10 0.02 0.04 0.01 0.30 0.01 
NO3- (mg/dm3) 17.20 1.22 0.30 0.01 0.80 0.10 0.10 0.01 2.60 0.16 
SO42- (mg/dm3) 64.30 2.48 117.50 2.80 44.70 2.93 212.30 10.52 41.60 1.51 
PO43- (mg/dm3) < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - 
Alkalinity (mg/dm3 as CaCO3) 351.0 - 244.5 - 288.5 - 336.5 - 521.0 - 
As (µg/dm3) 0.030 0.004 0.100 0.037 0.100 0.007 0.500 0.006 0.040 0.010 
238U (µg/dm3) 0.700 0.089 0.800 0.579 < 0.10 - 1.300 0.102 1.100 0.416 
226Ra mBq/dm3 4.49 0.60 nd - 4.76 0.91 nd - 5.56 0.88 
pH 7.1 - 7.4 - 7.1 - 7.2 - 6.9 - 
Eh (mV) 309.4 - na - 69.0 - 78.0 - 88.0 - 
EC (µS/cm) 918.0 - 791.0 - 756.0 - 692.0 - 1180.0 - 
IS (M) 0.015 - 0.014 - 0.012 - 0.017 - 0.017 - 
Barite SI sit.dat 0.06 - 0.32 - -0.38 - 0.79 - -0.15 - 
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Sample 12 2σ 13 2σ 14 2σ 15 2σ 16 2σ 17 2σ 
Na+ (mg/dm3) 985.90 68.52 307.00 5.54 27.20 0.14 24.50 0.12 29.80 0.31 56.70 0.57 
K+ (mg/dm3) 117.40 5.93 4.80 0.12 5.70 0.08 3.10 0.00 3.60 0.13 4.50 0.01 
Mg2+ (mg/dm3) 385.50 10.47 10.40 0.09 22.80 0.14 23.50 0.05 30.90 0.19 29.90 0.09 
Ca2+ (mg/dm3) 1762.00 53.71 36.80 0.51 82.70 3.45 62.80 1.27 69.00 1.13 64.80 2.56 
Si4+ (mg/dm3) 1.70 0.44 6.10 0.09 4.20 0.07 6.20 0.05 8.30 0.08 8.10 0.12 
Ba2+ (mg/dm3) 0.022 0.001 0.113 0.001 0.122 0.001 0.285 0.002 0.251 0.0003 0.156 0.001 
Sr2+ (mg/dm3) 18.400 0.009 0.600 0.007 0.300 0.0004 0.600 0.004 1.000 0.005 0.900 0.012 
F- (mg/dm3) np - 0.20 0.04 0.20 0.06 0.20 0.14 0.30 0.18 0.20 0.05 
Cl- (mg/dm3) 111934.00 11715.67 306.00 8.92 39.70 1.09 25.30 0.14 23.60 0.33 38.70 0.14 
Br- (mg/dm3) 198.70 31.91 0.40 0.23 0.10 0.01 0.10 0.01 0.10 0.02 0.10 0.01 
NO3- (mg/dm3) 28.00 2.17 1.30 0.08 15.90 0.62 0.40 0.03 1.00 0.01 0.60 0.01 
SO42- (mg/dm3) 8120.00 681.69 48.00 0.87 70.80 2.22 58.90 0.75 26.50 0.11 90.50 1.32 
PO43- (mg/dm3) < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - 
Alkalinity (mg/dm3 as CaCO3) < 4.1 - 275.0 - 319.0 - 315.0 - 367.0 - 361.0 - 
As (µg/dm3) np - 1.823 0.041 0.400 0.103 1.325 0.059 5.121 0.083 6.241 0.088 
238U (µg/dm3) 0.400 0.016 0.200 0.015 1.200 0.024 < 0.10 - 0.100 0.006 1.300 0.030 
226Ra mBq/dm3 226.25 1.25 28.70 1.81 11.76 0.91 28.87 1.79 2.22 0.35 19.26 1.95 
pH 7.2 - 8.5 - 8.0 - 7.9 - 8.0 - 8.1 - 
Eh (mV) na - na - na - 43.0 - 27.0 - 39.0 - 
EC (µS/cm) na - 1507.0 - 803.0 - 723.0 - 765.0 - 829.0 - 
IS (M) 3.899 - 0.018 - 0.013 - 0.011 - 0.012 - 0.014 - 
Barite SI sit.dat 0.29 - -0.01 - 0.13 - 0.56 - 0.23 - 0.53 - 
 
 
 
 
 
 204 
Sample 18 2σ 19 2σ 20 2σ 21 2σ 22 2σ 23 2σ 
Na+ (mg/dm3) 41.90 0.03 32.66 0.10 27.49 0.24 36.94 0.26 43.32 0.57 32.57 0.17 
K+ (mg/dm3) 6.70 0.06 10.08 0.10 5.80 0.06 8.17 0.39 13.30 0.16 27.29 0.18 
Mg2+ (mg/dm3) 29.80 0.09 11.61 0.12 11.29 0.12 13.99 0.19 11.02 0.18 9.94 0.07 
Ca2+ (mg/dm3) 62.20 1.74 58.17 0.88 60.90 1.25 57.53 1.32 60.24 1.01 44.34 0.54 
Si4+ (mg/dm3) 7.20 0.06 58.48 2.30 60.76 0.31 39.07 0.93 44.15 1.08 28.12 1.13 
Ba2+ (mg/dm3) 0.101 0.001 1.671 0.100 0.715 0.043 1.081 0.065 1.037 0.062 0.940 0.056 
Sr2+ (mg/dm3) 0.600 0.001 0.701 0.056 0.379 0.030 0.674 0.054 0.382 0.031 0.427 0.034 
F- (mg/dm3) 0.20 0.09 0.23 0.08 0.21 0.01 0.16 0.02 0.18 0.02 0.18 0.00 
Cl- (mg/dm3) 69.40 2.48 60.25 1.56 79.66 35.19 97.98 15.15 88.62 2.76 49.92 2.72 
Br- (mg/dm3) 0.30 0.02 sa - sa - sa - sa - sa - 
NO3- (mg/dm3) 1.10 0.25 sa - sa - sa - sa - sa - 
SO42- (mg/dm3) 130.00 4.51 94.91 8.21 125.36 37.26 148.75 15.57 89.03 1.89 110.83 44.01 
PO43- (mg/dm3) < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - < 0.10 - 
Alkalinity (mg/dm3 as CaCO3) 139.0 - na - na - na - na - na - 
As (µg/dm3) 1.687 0.039 2.013 0.242 0.051 0.006 0.415 0.050 2.047 0.246 3.605 0.433 
238U (µg/dm3) 0.400 0.013 0.419 0.071 0.677 0.115 0.449 0.076 0.949 0.161 1.039 0.177 
226Ra mBq/dm3 8.18 0.91 1.94 0.43 1.03 0.41 2.64 0.61 1.51 0.38 6.51 1.24 
pH 8.0 - sa - sa - sa - sa - sa - 
Eh (mV) na - na - na - na - na - na - 
EC (µS/cm) 893.0 - na - na - na - na - na - 
IS (M) 0.001 - 0.008 - 0.008 - 0.009 - 0.008 - 0.007 - 
Barite SI sit.dat 0.42 - 1.58 - 1.31 - 1.54 - 1.34 - 1.40 - 
 
< = LOD; nd = 226Ra α spectra could not be deconvoluted; np = not possible to measure by ICP-MS or IC due to high ionic strength; na = no 
available data; sa = sample already acidified so was not possible to measure this constituent; - = no error available. 
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9.6 Spearman rank-order correlation matrix for Bowland Shale groundwaters 
 
Table 42: Spearman rank-order correlation matrix for Bowland Shale groundwaters 
Constituent Na+ K+ Mg2+ Ca2+ Sr2+ Ba2+ Si4+ F- Cl- Br- NO3- SO42- Alkalinity As 238U 226Ra pH Eh EC IS Barite SI 
 
 
 
 
Na+ 
Correlation 
Coefficient 1 .552** 0.011 -0.151 .605** -0.065 0.211 0.004 .534* .638** 0.088 0.01 0.04 0.353 -0.105 0.117 0.208 -0.413 .841** 0.256 -0.186 
Sig. (2-tailed) 
 
0.008 0.962 0.503 0.003 0.774 0.347 0.986 0.011 0.006 0.738 0.966 0.884 0.107 0.642 0.622 0.422 0.182 0 0.249 0.406 
N 
 
22 22 22 22 22 22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
K+ 
Correlation 
Coefficient 
 
1 -0.379 -0.377 0.333 0.3 .522* -0.376 .427* 0.329 0.286 -0.035 0.125 0.391 0.064 -0.234 -0.032 -0.488 0.478 -0.246 0.11 
Sig. (2-tailed) 
  
0.082 0.084 0.13 0.175 0.013 0.085 0.047 0.197 0.265 0.877 0.645 0.072 0.777 0.322 0.903 0.108 0.061 0.269 0.625 
N 
  
22 22 22 22 22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
Mg2+ 
Correlation 
Coefficient 
  
1 .451* 0.282 -0.28 -0.089 0.398 -.470* -0.144 -0.25 -0.073 0.319 -0.158 -0.091 0.341 0.04 -0.441 0.129 0.362 -0.254 
Sig. (2-tailed) 
   
0.035 0.203 0.208 0.695 0.066 0.027 0.58 0.333 0.747 0.228 0.483 0.686 0.141 0.877 0.151 0.633 0.098 0.254 
N 
   
22 22 22 22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
Ca2+ 
Correlation 
Coefficient 
   
1 -0.088 -.679** -.603** .526* -0.385 0.084 0.142 -0.274 0.074 -.706** 0.132 0.093 -.824** 0.501 0.124 .595** -.692** 
Sig. (2-tailed) 
    
0.696 0.001 0.003 0.012 0.077 0.748 0.587 0.217 0.787 0 0.557 0.696 0 0.097 0.649 0.003 0 
N 
    
22 22 22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
Sr2+ 
Correlation 
Coefficient 
    
1 0.169 0.385 0.086 -0.073 0.032 -.486* -0.026 0.415 .471* -0.401 0.291 0.072 -.824** 0.36 0.153 0.047 
Sig. (2-tailed) 
     
0.452 0.077 0.703 0.747 0.903 0.048 0.907 0.11 0.027 0.065 0.214 0.784 0.001 0.17 0.497 0.835 
N 
     
22 22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
Ba2+ 
Correlation 
Coefficient 
     
1 .731** -0.328 0.038 -0.388 -0.428 0.139 0.418 0.405 -0.129 -0.164 0.107 -0.396 -0.238 -.585** .842** 
Sig. (2-tailed) 
      
0 0.137 0.867 0.124 0.087 0.536 0.107 0.061 0.566 0.49 0.684 0.203 0.374 0.004 0 
N 
      
22 22 22 17 17 22 16 22 22 20 17 12 16 22 22 
Si4+ 
Correlation 
Coefficient 
      
1 -0.257 0.223 -0.17 -0.4 0.276 0.388 .459* -0.04 -0.328 0.18 -.582* 0.088 -.506* .702** 
Sig. (2-tailed) 
       
0.248 0.318 0.514 0.111 0.214 0.137 0.032 0.859 0.158 0.488 0.047 0.745 0.016 0 
N 
       
22 22 17 17 22 16 22 22 20 17 12 16 22 22 
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Constituent Na+ K+ Mg2+ Ca2+ Sr2+ Ba2+ Si4+ F- Cl- Br- NO3- SO42- Alkalinity As 238U 226Ra pH Eh EC IS Barite SI 
 
 
 
 
F- 
Correlation 
Coefficient 
       
1 -0.053 0.344 -0.013 -0.254 0.188 -.480* -0.25 0.028 -0.367 0.153 0.244 0.322 -0.351 
Sig. (2-tailed) 
        
0.816 0.177 0.961 0.255 0.486 0.024 0.261 0.908 0.148 0.635 0.363 0.144 0.109 
N 
        
22 17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
Cl- 
Correlation 
Coefficient 
        
1 .880** 0.469 0.334 -0.425 0.037 0.093 -0.438 0.206 0.375 .679** -0.16 0.144 
Sig. (2-tailed) 
        
. 0 0.058 0.129 0.101 0.871 0.681 0.054 0.428 0.23 0.004 0.476 0.523 
N 
         
17 17 22 16 22 22 20 17 12 16 22 22 
 
 
 
 
Br- 
Correlation 
Coefficient 
         
1 .514* -0.04 -0.265 -0.152 -0.068 -0.267 0.019 0.339 .817** 0.299 -0.447 
Sig. (2-tailed) 
          
0.035 0.878 0.321 0.56 0.794 0.337 0.941 0.281 0 0.244 0.072 
N 
          
17 17 16 17 17 15 17 12 16 17 17 
 
 
 
 
NO3- 
Correlation 
Coefficient 
          
1 -0.248 0.035 -0.274 0.418 -.676** 0.006 .607* 0.231 0.009 -.510* 
Sig. (2-tailed) 
           
0.337 0.896 0.287 0.095 0.006 0.981 0.036 0.389 0.974 0.036 
N 
           
17 16 17 17 15 17 12 16 17 17 
 
 
 
 
SO42- 
Correlation 
Coefficient 
           
1 -0.34 0.136 0.221 -0.302 0.308 0.329 -0.115 -0.286 .556** 
Sig. (2-tailed) 
            
0.198 0.547 0.322 0.195 0.229 0.296 0.672 0.197 0.007 
N 
            
16 22 22 20 17 12 16 22 22 
 
 
 
Alkalinity 
Correlation 
Coefficient 
            
1 0.057 0.088 -0.007 -0.035 -0.285 -0.05 0.136 0.13 
Sig. (2-tailed) 
             
0.834 0.745 0.982 0.897 0.395 0.859 0.617 0.63 
N 
             
16 16 14 16 11 15 16 16 
 
 
 
As 
Correlation 
Coefficient 
             
1 -0.139 0.083 .725** -.726** -0.08 -0.377 .425* 
Sig. (2-tailed) 
              
0.538 0.728 0.001 0.008 0.769 0.084 0.049 
N 
              
22 20 17 12 16 22 22 
 
 
 
238U 
Correlation 
Coefficient 
              
1 -0.299 -0.087 .739** -0.112 0.129 0.062 
Sig. (2-tailed) 
               
0.201 0.741 0.006 0.68 0.566 0.784 
N 
               
20 17 12 16 22 22 
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Constituent Na+ K+ Mg2+ Ca2+ Sr2+ Ba2+ Si4+ F- Cl- Br- NO3- SO42- Alkalinity As 238U 226Ra pH Eh EC IS Barite SI 
226Ra 
Correlation 
Coefficient 
               
1 0.193 -0.497 0.147 0.394 -0.235 
Sig. (2-tailed) 
                
0.491 0.12 0.615 0.085 0.319 
N 
                
15 11 14 20 20 
 
 
 
 
pH 
Correlation 
Coefficient 
                
1 -0.354 0.007 -0.268 0.422 
Sig. (2-tailed) 
                 
0.259 0.978 0.298 0.091 
N 
                 
12 16 17 17 
 
 
 
 
Eh 
Correlation 
Coefficient 
                 
1 -0.096 0.123 -0.079 
Sig. (2-tailed) 
                  
0.78 0.704 0.807 
N 
                  
11 12 12 
 
 
 
 
EC 
Correlation 
Coefficient 
                  
1 .580* -0.477 
Sig. (2-tailed) 
                   
0.018 0.062 
N 
                   
16 16 
 
 
 
 
IS 
Correlation 
Coefficient 
                   
1 -.689** 
Sig. (2-tailed) 
                    
0 
N 
                    
22 
 
 
 
 
Barite SI 
Correlation 
Coefficient 
                    
1 
Sig. (2-tailed) 
                     
N 
                    
22 
**correlation is significant at the 0.01 level (2-tailed); * correlation is significant at the 0.05 level (2-tailed). 
